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 1 
General Introduction 
 
β-Diketiminate Ligands and Their Metal Complexes 
The β-diketiminate derivatives, otherwise known as diazapentadienyl,1 vinamidine,2 
β-iminatoaminate3 etc., are members of a fundamentally important class of monoanionic 
didentate chelating ligands shown in Chart 1 (R1,R2LR3–; deprotonated anionic form). They 
have synthesized more than five decades ago, but it was difficult to have been isolated them 
duo to their considerable hydrolytic instability (R3 = alkyl group). At that time, a few 
examples as a salt have been reported.4 Since the first β-diketiminatometal complex (M = NiII, 
CoII, and CuII) appeared in 1966,5 a large number of s-, p-, d- and f-block metal complexes 
have been prepared and studied on their structures, reactivities, and physicochemical 
properties.6 
 
Chart 1  
 
 
 
 
β-Diketiminatometal complexes exhibit a variety of molecular geometries shown in 
Chart 2 depending on the substituents R1 and R2 on the carbon framework as well as the 
substituent R3 on the ligand nitrogen (for the sake of clarity, substituent groups R1, R2, and R3 
are omitted). Most of the β-diketiminatometal complexes are adapted to the closed 
conformation shown in A–H, and β-diketiminatometal complexes with open conformation 
such as I and J are very rare.  
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Although the level of research activity on these complexes subsequently waned,7 the 
last ten years have seen an impressive revival of interest. Especially there is an increasing 
interest in the coordination chemistry of β-diketiminate derivatives carrying bulky aromatic 
groups as the N-substituent (i.e., R3 = bulky group, especially ortho-substituted aryl groups), 
8-20 which are generally prepared by the reaction of acetylacetone and aniline derivatives, 
because these ligands found to be able to stabilized low coordination numbers, rare 
coordination geometries, or specific oxidation states on metal center. For example, the ligand 
backbone of H,MeLR3– (Chart 3, R1 = H, R2 = Me) is relatively stable for the synthesis and 
characterization of various metal complexes. (Ligand decomposition was observed in some 
cases though.) They allowed us to isolate and characterize mononuclear and/or dinuclear 
metal complexes on unsaturated coordination geometry, specific oxidation states of a wide 
variety of transition metal,9–21 main group element,22-31 and lanthanide ions.32,33 
 
Chart 3 
 
 
 
 
 
In addition, much attention has recently been focused on the application of such 
complexes as polymerization catalysts,9,12,14,24,26 novel organometallic reagents,30 and the 
building blocks for supramolecular compounds as well as active site models for 
metalloenzymes.20,21 In order to develop more efficient materials, ligand modifications have 
been carried out in these fields. A part of examples are as follow. Coates and coworkers have 
demonstrated that introduction of electron-withdrawing substituents such as –CN and –CF3 
into the carbon framework (R1/R2 position) improves the catalytic efficiency of the zinc(II) 
complexes in the CO2/epoxide copolymerization reaction and the ring opening polymerization 
of α-lactones.34–36 Itoh and coworkers have constructed a novel linear polymer copper(I) 
complex bridged by a nitro group (–NO2) on the carbon framework (R1 position).37 They have 
also reported an oxidative degradation at its α-position to afford ketone diimine 1 easily 
underwent, if copper(II) and zinc(II) complexes of a popular β-diketiminate ligand (H,MeLR3–; 
R1 = H, R2 = Me, no protected R1 position) have been used in the reaction (Scheme 1).38 
Tolman and coworkers have successfully isolated transient copper-dioxygen complexes, 
side-on peroxo form (R2 = tBu, R3 = 2,6-Diisopropylphenyl) or bis(µ-oxo) form (R2 = Me, R3 
= 2,6-Diisopropylphenyl), and revealed their structures drastically changed depending on the 
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steric demands of the ligand.39 Sadighi and coworkers have found new type of reaction, that 
is clean ortho-hydroxylation of a ligand N-aryl group between a copper(I) complex with a 
β-diketiminate ligand (R1 = CF3) and dioxygen.40 Thus, further ligand modifications may 
have great potential in expanding the chemistry of β-diketiminatometal complexes. 
 
Scheme 1 
 
 
 
 
 
However, systematic studies on the substituent effect of the ligand framework particullaly 
R1 position and of the N-aryl group have yet to be reported. In this study, the author have 
developed a series of β-diketiminate ligands carrying a different substituent (R1 = Me, H, CN, 
and NO2) and prepared their metal complexes, in order to protect the R1 position against the 
oxidative degradation and get insights into the electronic effects of R1 on the structures, 
reactivity and physicochemical properties of the complexes. Moreover, steric effects of the 
N-aryl groups have also been examined using different aromatic groups (R3 = Ph, Mes, Dep, 
Dipp, Dtbp) to demonstrate that the N-aryl group significantly influences the structure of the 
resulting β-diketiminatometal complexes. 
 
 
Supramolecules & Coordination Polymer Complexes 
In the field of supramolecular chemistry, a variety of solid materials of metal complexes 
with well-defined, discrete network topologies are attractive to chemists not only for aesthetic 
reasons but also for their potential applications in many areas (catalysis, separation, gas 
storage, molecular recognition, and functional material etc.).41,42 In Japan, Munakata is known 
as a pioneer in this field.43 He and his coworkers have focused on the coinage metal ions, in 
particular copper(I) and silver(I), and simple organic ligands and built up various 
supramolecular and coordination polymer complexes by using weak interaction such as 
coordination bond, hydrogen bond, π-π interaction, S-S contact. For example, catenane, 
rotaxane, one-dimensional (1D) architecture such as linear chain and zig-zag chain, helix, 
two-dimensional (2D) architecture such as honeycomb and ractangle sheets, and 
three-dimensional (3D) architecture such as 3D-lattice and diamond have been reported. 
Because the coinage metal ions have d10 configuration, their complexes are not forced on 
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particular geometry and coordination number on metal center. These complexes provide an 
interesting array of stereochemistries and geometric configurations with the coordination 
numbers from two to six depending on the type of ligands.  
On the other hand, Itoh and coworkers have first reported synthesis and characterization 
of a linear polymeric β-diketiminatocopper(I) complexes and indicated the β-diketiminate 
derivatives (R1 = NO2) are useful as a building block for coordination polymer.37 Based on 
this work, the author have found systems that provide unique macrocyclic dinuclear and 
tetranuclear M(I) (M = Cu and Ag) supramolecular complexes and a linear polymer 
complexes ligated by β-diketiminate derivative (R1 = NO2, CN). These results are summarized 
in Chapter 2. 
 
 
Copper Proteins & Their Active Site Model Complexes 
Copper proteins are known to play important roles in living systems. They perform a 
variety of biological functions including dioxygen transport, oxidation of substrates coupled 
with O2 reduction, monooxygenaton, dioxygenation, and disproportionation of superoxide 
ion.44 The difference of the reactivity and selectivity of those proteins are accomplished 
depending on the coordination geometry of copper reaction center. Due to their scientific and 
fundamental interest and their application for a catalyst, to study what happen on the active 
center has been attracted much attention of many scientists. Considerable efforts have been 
devoted during the last two decades, establishing biomimetic copper chemistry. 45 A large 
number of model complexes have so far been developed to explore the structure, 
physicochemical properties, functions, and their mechanisms of those proteins in details. For 
the copper-dioxygen chemistry, several di-, tri-, and tretradentate ligands have been employed 
as summarized in Chart 4. The copper(I) complexes supported by these ligands are usually 
very reactive toward O2, producing a series of copper-dioxygen complexes such as 
mononuclear copper(II)-superoxo (both end-on A and side-on B), copper(III)-peroxo C 
(side-on), dinuclear copper(II)-µ-peroxo (both end-on D and side-on E), 
bis(µ-oxo)dicopper(III) F, and bis(µ3-oxo)tricopper(II, II, III) complexes G (Chart 5).43 
Characterization and reactivity studies of these copper-dioxygen complexes have provided 
significantly important insights into the dioxygen activation mechanisms at the mononuclear 
copper reaction centers of peptidylglycine α-hydroxylating monooxygenase (PHM) and 
dopamine β-monooxygenase (DβM) and the dinuclear type-3 copper active sites of 
hemocyanin, tyrosinase, and catechol oxidase.43 
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Chart 4 
 
Chart 5 
 
 
 
 
 
 
 
 
Using the β-diketiminate derivatives, Tolman and Itoh have developed the copper (I) 
and/or copper (II) complexes as biomimetic model and provided important insights into the 
structure, physicochemical properties, and reactivity of the metalloproteins such as those 
involved in copper proteins participating in the biological electron transfer46 and dioxygen 
activation. 47  In chapters 3 and 4, the ability of β-diketiminatocopper complexes as 
biomimetic model and their application for the catalyst in the oxygenation reaction of alkanes 
are described. 
 
 
This thesis entitled ‘Studies on the Structure, Physicochemical Properties, and 
Reactivity of Copper and Silver Complexes with β-Diketiminate Ligands’ consists of four 
chapters.  
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In chapter 1, a series of new β-diketiminate ligands carrying several substituents on the 
carbon framework and on the ligand nitrogen (R1 and R3 position) have been synthesized and 
their structural properties have been systematically investigated.  
In chapter 2, reactions of M(I) (M = Cu and Ag) and a series of β-diketiminate ligands 
have been investigated to demonstrate that unique macrocyclic dinuclear and tetranuclear 
M(I) complexes and a linear coordination polymer M(I) complexes can be constructed. In the 
macrocyclic multinuclear M(I) complexes, the ligands are adapted to the open conformation J 
shown in Chart 2, exploring a possibility of the β-diketiminate ligand as a building block in 
supramolecule chemistry. On the other hand, oxidative C–C coupling dimer products of the 
ligands were obtained depending on the substituents on the carbon framework of 
β-diketiminate ligands upon a teartment with Ag(I). The silver(I) complexes in this thesis are 
the first example in β-diketiminate coordinate chemistry.  
In chapter 3, substituent effects of β-diketiminate ligands on the structure and 
physicochemical properties of the copper(II) complexes have been systematically investigated 
by using a series of β-diketiminate ligands. Coordinatively unsaturated (four-coordinate) 
mononuclear and dinuclear copper(II) complexes with significantly different coordination 
geometry and properties have been obtained depending on the ligand substituents.  
Finally, in chapter 4, the reaction of β-diketiminatocopper(II) complexes and H2O2 has 
been examined spectroscopically at a low temperature. The β-diketiminatocopper(II) 
complexes with R2 = H (no substituent on the β-carbon) provided a copper–oxygen 
intermediate that exhibited the same spectroscopic features as those of the 
bis(µ-oxo)dicopper(III) complex generated by the reaction of corresponding 
β-diketiminatocopper(I) complex and O2. The β–diketiminatocopper(II) complexes carrying 
an electron-withdrawing substituent on the α-carbon (R1 = NO2 or CN) but no β-substituent 
(R2 = H) exhibited a high catalytic activity in the oxygenation reaction of alkanes with H2O2.  
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Chapter 1. Structural Properties of New β-Diketiminate Ligands  
 
Introduction 
β-Diketiminate derivatives function as monoanionic didentate ligands (Chart 1–1), 
which have been applied to the synthesis of a wide variety of transition metal, main group 
element, and lanthanide complexes.1 Particular attention has recently been focused on the 
roles of β-diketiminatometal complexes as polymerization catalysts, novel organometallic 
compounds, and active site models for metalloenzymes.1 In these studies, sterically 
encumbered β-diketiminate ligands with bulky aromatic N-substituents (R3 in Chart 1–1) such 
as 2,6-diisopropylphenyl (Dipp) have been employed in order to make the complexes as 
mononuclear and/or coordinatively unsaturated.1 However, the substituent pattern of the 
ligand framework is rather limited to R1 = H and R2 = Me, since most of the ligands are 
prepared by the condensation reaction between commercially available acetylacetone (acac) 
and aniline derivatives.2 
 
Chart 1–1 
 
 
 
 
 
In order to control the coordination chemistry as well as the reactivity of 
β-diketiminatometal complexes, much recent efforts have been focused on the substituent 
effects on the carbon framework.3,4,5 The bulky alkyl substituent such as tert-butyl group at 
the β-position (R2 in Chart 1–1) has been shown to exhibit steric effects on the conformation 
of aromatic substituents R3 (torsion angel between the aromatic ring of R3 and the 
coordination plane of the β-diketiminate ligand) and on the bite angle of the didentate ligands. 
Those steric factors have been shown to induce significant effects on the structure and 
reactivity of the β-diketiminatometal complexes.3 Thus, further ligand modifications may 
have a great potential in expanding the chemistry of β-diketiminatometal complexes. 
However, systematic studies on the substituent effects both of the ligand framework and of 
the N-aryl group have yet to be reported.  
In this study, a series of new β-diketiminate ligands carrying a different α-substituent 
(R1 = Me, H, CN, and NO2) and different aromatic groups (R3 = Ph, Mes, Dep, Dipp, Dtbp, 
N N
R3 R3
R2
R1
R2
R1,R2LR3–
α
ββ
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see Chart 1–2) have been synthesized in order to get insights into the electronic effects of R1 
and the steric effects of the N-aryl groups on the structural properties of the ligand precouser. 
 
Chart 1–2 
 
 
 
 
 
 
 
 
 
 
Results and Discussion 
Ligands with Closed (U-shaped) Conformation. The new ligands carrying –CN and 
–NO2 group on the α-position of the carbon framework have been prepared as follows. Thus, 
the cyano derivatives CN,HLArH (Ar = aryl group) were synthesized by following the 
Noguchi’s procedure with a little modification (Scheme 1–1).6 and the he nitro derivatives 
NO2,HLArH (Ar = aryl group) were obtained from the reaction between 
1-methyl-5-nitro-1H-pyrimidin-2-one (1) and the aniline derivatives (Scheme 1–2).7  
 
Scheme 1–1 
 
 
 
 
 
Scheme 1–2 
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1 NO2,HLArH
NO2,HLPhH
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CN,HLMesH CN mesityl
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NO2,HLDtbpH NO2
N HN
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R1,R2LR3H
α
ββ Me,HLDippH Me 2,6-diisopropylphenyl
3,5-di-tert-butylphenyl
R2 = H
2,6-diisopropylphenylNO2,HLDippH NO2
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Crystal structures of CN,HLMesH, CN,HLDepH, NO2,HLMesH NO2,HLDtbpH, and NO2,HLDippH have 
been solved as shown in Figure 1–1, and their crystallographic data and selected bond lengths, 
bond angles, and angles of the least square planes are presented in Tables 1–1 and 1–2.  In 
the previous paper by Nishiwaki et al. the products of the reaction between 1 and amines were 
assigned as diimine derivatives A shown in Scheme 1–3. This assignment was based on the 
magnetic equivalence of the two β-protons on the carbon framework as well as the two 
N-aromatic substituents in the 1H– and 13C–NMR spectra (for the definition of β-proton, see 
Chart 1–1).7 Structural refinement of NO2,HLArH in the X–ray analysis [(c), (d) and (e) in 
Figure 1–1], however, has unambiguously indicated that the compounds exist mainly as 
3-imino-2-nitropropenylamine derivatives B (Scheme 1–3). The dissociable proton of each 
compound was found to be associated with one of the nitrogen atoms N(1), and the bond 
distances of C(1)–C(3) (1.451(4), 1.436(3) and 1.412(2) Å for Ar = Mes, Dtbp and Dipp, 
respectively) and C(2)–N(1) (1.308(5), 1.317(3) and 1.313(2) Å) are longer than those of 
C(1)–C(2) (1.420(5), 1.389 (3) and 1.407 (2) Å) and C(3)–N(2) (1.285(4), 1.283(3) and 
1.304(2) Å), respectively (see, Table 1–2). Semi-empirical molecular orbital calculations 
(PM3) of the compounds indicated that form B is much stabler than form A; ΔHf for 
NO2,HLArH, Ar = Ph, form A: 85.7 kcal/mol, form B: 69.4 kcal/mol; Ar = Mes, form A: 38.5 
kcal/mol, form B:29.5 kcal/mol; Ar = Dtbp, form A: –0.97 kcal/mol, form B: –17.9 kcal/mol. 
Thus, the magnetic equivalence of the β-proton of the carbon framework and the aromatic 
protons of the N-substituents in the NMR spectra can be explained by a rapid tautmerization 
within an NMR time scale between B and B’ in solution as illustrated in Scheme 1–4. 
 
Scheme 1–3 
 
 
 
 
 
 
Scheme 1–4 
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Figure 1–1. ORTEP drawings of (a) CN,HLMesH (Molecule 1), (b) CN,HLDepH, (c) 
NO2,HLMesH, (d) NO2,HLDtbpH, (e) NO2,HLDippH with 50% probability thermal–ellipsoids. Hydrogen 
atoms except the one at the amino group [H(25) of (a), H(29) of (b), H(25) of (c), H(45) of (d), 
and H(37) of (e)] are omitted for clarity. 
 
 
Compounds CN,HLArH have a similar structural feature of the ligand framework. Namely, 
the amine proton was found to exist at N(1) and the bond distances of C(1)–C(3) (1.442(5) 
and 1.442(2) Å for Ar = Mes and Dep, respectively) and C(2)–N(1) (1.326(4) and 1.323(2) Å) 
are longer than those of C(1)–C(2) (1.386(5) and 1.383(2) Å) and C(3)–N(2) (1.291(4) and 
1.275(2) Å), respectively (see, Table 1–2). Detailed comparison of the crystal structures 
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between CN,HLMesH (Figure 1–1a) and NO2,HLMesH (Figure 1–1c) having the same aromatic 
substituent (Mes) indicates that the bond lengths of C(1)–C(2) and C(1)–C(3) of NO2,HLMesH 
(1.420(5) and 1.451(4) Å) are longer than those of CN,HLMesH (1.386(5) and 1.442(5) Å for 
Molecule 1, 1.393(5) and 1.424(5) Å for Molecule 2), while the bond lengths of N(1)−C(2) 
and N(2)−C(3) of NO2,HLMesH (1.308(5) and 1.285(4) Å) are shorter than those of CN,HLMesH 
(1.326(4) and 1.291(4) Å for Molecule 1, 1.313(4) and 1.437(4) Å for Molecule 2). These 
results clearly suggest that, in the nitro derivative, the double bond character of C(1)–C(2) and 
C(1)–C(3) decreases while that of N(1)−C(2) and N(2)−C(3) increases as compared to that of 
the corresponding bonds in the cyano derivative. Thus, it could be concluded that there is 
some contribution of the diimine form A (Scheme 1–3) to the overall structure in the nitro 
derivative NO2,HLMesH.  
It is also interesting to note that the angles between the least square plane defined by 
N(1)–C(2)−C(1)–C(3)–N(2) and the aromatic rings of the N-aryl groups in NO2,HLDtbpH are 
smaller than those of other compounds. This could be attributed to the steric effects of the 
o-substituents in Mes and Dep. Namely, the steric repulsion between the o-substituents of 
Mes and Dep in CN,HLMesH, CN,HLDepH, NO2,HLMesH and the β-proton of the ligand framework 
makes the torsion angle larger than that in NO2,HLDtbpH, which does not have the o-substituents 
in the N-aryl group (Dtbp). Such a steric effect also affected the structures of the copper(II) 
complexes as discussed in Chapter 3.  
 
Ligands with Open (W-shaped) Conformation. Many of the neutral ligands 
(precursors of the β−diketiminate ligands) so far reported exhibit U–shaped closed 
conformation A in crystal (Scheme 1–5). X–ray structures of H,MeLPhH, H,MeLDippH, NO2,HLMesH 
exhibiting the closed conformation (A) have been reported in the literatures previously8,9, and 
those of CN,HLMesH, CN,HLDepH, NO2,HLDtbpH, and NO2,HLDippH have been newly determined in this 
study (Figure 1–3). On the other hand, compound Me,HLDippH shows W-shaped open 
conformation B as indicated in Figure 1–2.  
 
Scheme 1–5 
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 16 
H40
N1
H44
O1
H40
N1
H44
O1
H40
N1
H44
O1
H40
N1
H44
O1
N2
N2N2
N2
              (a) 
 
 
 
 
 
           (b) 
 
 
 
 
 
 
 
 
Figure 1–2. ORTEP drawings of (a) Me,HLDippH?MeOH and (b) a side view of the hydrogen 
bonding network in the crystal with 50% probability thermal–ellipsoids. Hydrogen atoms 
except the one on MeOH [H(44) of (a), (b)] and the one at the amino group [H(40) of (a), (b)] 
are omitted for clarity. 
 
 
In this case, methanol molecules are involved in the crystal lattice to make an 
intermolecular hydrogen bonding network as indicated in Figure 1–2b. This hydrogen 
bonding interaction may stabilize the open conformation (B) as discussed below. The 
crystallographic data and the selected bond lengths and angles of compound Me,HLDippH are 
presented in Tables 1–1 and 1–2, respectively. In order to get insight into such a structural 
difference between A and B, energetics of the neutral ligands H,HLDippH, Me,HLDippH, CN,HLDippH, 
NO2,HLDippH, and H,MeLDippH on both conformations have been examined using semiempirical 
molecular orbital calculations. In Table 1–3 are summarized the heat of formation ΔHf 
calculated by the PM3 method. The calculated results clearly indicated that the closed 
conformation (A) is more stable than the open conformation (B) except the case of H,HLDippH, 
and that the stability of conformation A increases in the order of Me,HLDippH < CN,HLDippH < 
NO2,HLDippH < H,MeLDippH. Thus, compounds CN,HLDippH, NO2,HLDippH, and H,MeLDippH mostly 
exhibit closed conformation A as experimentally observed by the X–ray crystallographic 
analysis.10 In this respect, compound Me,HLDippH should also take closed conformation A, 
H40
C1
C2 C3
C4
N1 N2
H44
O1
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since its closed conformation is more stable than its open conformation B by 1.4 kcal mol–1. 
However, the crystal structure of Me,HLDippH shown in Figure 1–2 apparently exhibits 
conformation B. In this case, intermolecular hydrogen bonding network may stabilize the 
open conformation to give a linear molecular alignment. In this context, non-substituted 
derivative H,HLDippH may prefer open conformation B. This is actually seen in the copper(I) 
complex discussed in Chapter 2. It should be also noted that the most popular ligand 
H,MeLDippH highly prefers the closed conformation A. Thus, the ligand may stabilize the 
six-membered chelate ring seen in most of the β-diketiminatometal complexes of H,MeLDippH.1 
 
 
Table 1–3. Heat of Formation (ΔHf, kcal mol–1) of the Neutral Ligands Calculated by the PM3 
Method 
Ligand Conformation A Conformation B ΔΔHf a) 
H,HLDippH 32.8 32.1 0.7 
Me,HLDippH 24.0 25.4 –1.4 
CN,HLDippH 65.1 68.1 –3.0 
NO2,HLDippH 17.6 25.9 –8.3 
H,MeLDippH 10.9 21.8 –10.9 
Difference of ΔHf (ΔΔHf = ΔHfA – ΔHfB). 
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Table 1–1. Summary of X-ray Crystallographic Data of CN,HLMesH, CN,HLDepH, NO2,HLMesH, 
NO2,HLDtbpH, NO2,HLDippH, and Me,HLDippH?CH3OH 
 
                                           CN,HLMesH                        CN,HLDepH
 
empirical formula C22H25N3 C24H29N3 
formula weight 331.46 359.51 
crystal system monoclinic monoclinic 
space group P21/n (#14) P21/n (#14) 
a, Å 15.4580(3) 8.9281(4) 
b, Å 15.5024(3) 19.8377(8) 
c, Å 16.1439(4) 11.7517(5) 
α, deg  
β, deg 97.2594(9) 97.603(1) 
γ, deg  
V, Å3 3837.7(1) 2063.1(2) 
Z 8 4 
F(000)  1424.00 776.00 
Dcalc, g/cm3 1.147 1.157 
T, ˚C –115 –115 
crystal size, mm 0.20 x 0.25 x 0.30 0.10 x 0.20 x 0.20 
µ (MoKα), cm–1 0.68 0.68 
radiation MoKα (0.71069 Å) MoKα (0.71069 Å) 
2θmax, deg 55.0 54.8 
no. of reflns measd 33664 18839 
no. of reflns obsd 6242 [I > 1.00σ(I)] 3343 [I > 3.00σ(I)] 
no. of variables 502 290 
Ra; Rwb 0.066; 0.081 0.042; 0.048 
goodness of fit indicator 0.98 1.01 
 
a R = Σ ||Fo| - |Fc|| / Σ |Fo|, b Rw = [ Σ w (|Fo| - |Fc|)
2 / Σ w Fo
2]1/2
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Table 1–1. Summary of X-ray Crystallographic Data of CN,HLMesH, CN,HLDepH, NO2,HLMesH, 
NO2,HLDtbpH, NO2,HLDippH, and Me,HLDippH?CH3OH (Continued) 
 
 NO2,HLMesH              NO2,HLDtbpH 
 
empirical formula C21H25N3O2 C31H45N3O2 
formula weight 351.45 491.72 
crystal system triclinic monoclinic 
space group P-1 (#2) P21/n (#14) 
a, Å 8.954(2) 13.6374(4) 
b, Å 14.536(4) 9.2069(3) 
c, Å 8.220(2) 23.8174(9) 
α, deg 105.55(1) 
β, deg 109.61(1) 98.942(2) 
γ, deg 77.70(2) 
V, Å3 961.9(5) 2954.1(2) 
Z 2 4 
F(000)  376.00 1072.00 
Dcalc, g/cm3 1.213 1.106 
T, ˚C –115 –115 
crystal size, mm 0.30 x 0.30 x 0.30 0.20 x 0.30 x 0.30 
µ (MoKα), cm–1 0.79 0.69 
radiation MoKα (0.71069 Å) MoKα (0.71069 Å) 
2θmax, deg 54.9 55.0 
no. of reflns measd 6073 22656 
no. of reflns obsd 2717 [I > 3.00σ(I)] 3785 [I > 3.00σ(I)] 
no. of variables 261 371 
Ra; Rwb 0.077; 0.089 0.047; 0.053 
goodness of fit indicator 1.00 1.06 
 
a R = Σ ||Fo| - |Fc|| / Σ |Fo|, b Rw = [ Σ w (|Fo| - |Fc|)
2 / Σ w Fo
2]1/2 
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Table 1–1. Summary of X-ray Crystallographic Data of CN,HLMesH, CN,HLDepH, NO2,HLMesH, 
NO2,HLDtbpH, NO2,HLDippH, and Me,HLDippH?CH3OH (Continued) 
 
                                      NO2,HLDippH Me,HLDippH?CH3OH  
 
empirical formula C27H36O2N3 C29H44N2O 
formula weight 434.60 436.68 
crystal system triclinic monoclinic  
space group P-1 (#2) P21/n (#14) 
a, Å 9.075(5) 9.166(6) 
b, Å 10.793(3) 24.77(1) 
c, Å 13.935(7) 12.720(5) 
α, deg 107.09(1)   
β, deg 95.99(1) 108.37(2) 
γ, deg 102.53(2)  
V, Å3 1252(1) 2740(2) 
Z 2 4 
F(000)  470.00 960.00 
Dcalc, g/cm3 1.152 1.058 
T, ˚C –115 –115 
crystal size, mm 0.20 x 0.20 x 0.20 0.10 x 0.20 x 0.30 
µ (MoKα), cm–1 0.73 0.63 
radiation MoKα (0.71075 Å) MoKα (0.71075 Å) 
2θmax, deg 54.9 55.0 
no. of reflns measd 11739 26998 
no. of reflns obsd 5599 [I > 3.00 (I)] 5722 [I > 3.00σ(I)] 
no. of variables 330 334 
Ra; Rwb 0.057; 0.058 0.057; 0.059 
goodness of fit indicator 1.05 1.02 
 
a R = Σ ||Fo| - |Fc|| / Σ |Fo|, b Rw = [Σ w (|Fo| - |Fc|)
2 / Σ w Fo
2]1/2 
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Table 1–2. Selected Bond Lengths (Å), Angles (deg), and Angles of Least Square Planes 
(deg) of CN,HLMesH, CN,HLDepH, NO2,HLMesH, NO2,HLDtbpH, NO2,HLDippH, and Me,HLDippH?CH3OHa  
 
 CN,HLMesH CN,HLDepH 
 
  Molecule 1 Molecule 2 
N(3)-C(4)  1.148(4)  1.148(4) N(3)-C(4)  1.148(2) 
N(1)-C(2)  1.326(4)  1.313(4) N(1)-C(2)  1.323(2) 
N(2)-C(3)  1.291(4)  1.291(4) N(2)-C(3)  1.275(2) 
N(1)-C(5)  1.424(4)  1.437(4) N(1)-C(5)  1.438(2) 
N(2)-C(14)  1.420(4)  1.434(4) N(2)-C(15)  1.421(2) 
C(1)-C(2)  1.386(5)  1.393(5) C(1)-C(2)  1.383(2) 
C(1)-C(3)  1.442(5)  1.424(5) C(1)-C(3)  1.442(2) 
C(1)-C(4)  1.429(5)  1.425(5) C(1)-C(4)  1.425(2) 
  
C(2)-N(1)-C(5)  129.1(3)  123.8(3) C(2)-N(1)-C(5)  121.6(1) 
C(3)-N(2)-C(14)  120.8(3)  119.7(3) C(3)-N(2)-C(15)  118.5(1) 
N(3)-C(4)-C(1)  178.0(4)  178.3(4) N(3)-C(4)-C(1)  177.8(2) 
C(2)-C(1)-C(4)  118.9(3)  118.3(3) C(2)-C(1)-C(4)  118.0(1) 
C(3)-C(1)-C(4)  117.4(3)  118.7(3) C(3)-C(1)-C(4)  118.2(1) 
C(2)-C(1)-C(3)  123.6(3)  123.1(3) C(2)-C(1)-C(3)  123.7(1) 
N(1)-C(2)-C(1)  121.7(3)  123.0(3) N(1)-C(2)-C(1)  125.5(1) 
N(2)-C(3)-C(1)  121.9(3)  122.6(3) N(2)-C(3)-C(1)  122.2(1) 
 
plane 1–plane 2 32.83 ° 84.36 ° plane 1–plane 2 71.13 ° 
plane 1–plane 3 61.14 ° 88.72 ° plane 1–plane 3 78.13 ° 
plane 2–plane 3 75.74 ° 61.93 ° plane 2–plane 3 50.30 ° 
 
aEstimated standard deviations are given in parentheses. 
Definition of the least square planes; 
For CN,HLMesH: For CN.HLDepH: 
plane 1: N(1)-N(2)-C(1)-C(2)-C(3) plane 1: N(1)-N(2)-C(1)-C(2)-C(3) 
plane 2: C(5)-C(6)-C(7)-C(8)-C(9)-C(10) plane 2: C(5)-C(6)-C(7)-C(8)-C(9)-C(10) 
plane 3: C(14)-C(15)-C(16)-C(17)-C(18)-C(19)  plane 3: C(15)-C(16)-C(17)-C(18)-C(19)-C(20) 
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Table 1–2. Selected Bond Lengths (Å), Angles (deg), and Angles of Least Square Planes 
(deg) of CN,HLMesH, CN,HLDepH, NO2,HLMesH, NO2,HLDtbpH, NO2,HLDippH, and Me,HLDippH?CH3OHa 
(Continued) 
              NO2,HLMesH NO2,HLDtbpH 
 
O(1)-N(3) 1.261(4) O(1)-N(3) 1.242(2)  
O(2)-N(3) 1.258(4) O(2)-N(3) 1.239(2) 
N(1)-C(2) 1.308(5) N(1)-C(2) 1.317(3) 
N(1)-C(4) 1.444(4) N(1)-C(4) 1.417(3) 
N(2)-C(3) 1.285(4) N(2)-C(3) 1.283(3)  
N(2)-C(13) 1.457(4) N(2)-C(18) 1.418(3) 
N(3)-C(1) 1.416(4) N(3)-C(1) 1.431(3)  
C(1)-C(2) 1.420(5) C(1)-C(2) 1.389(3) 
C(1)-C(3) 1.451(4) C(1)-C(3) 1.436(3) 
C(2)-N(1)-C(4) 123.3(3) C(2)-N(1)-C(4) 128.1(2) 
C(3)-N(2)-C(13) 117.7(3) C(3)-N(2)-C(18) 122.8(2) 
O(1)-N(3)-O(2) 122.6(3) O(1)-N(3)-O(2) 122.5(2) 
O(1)-N(3)C(1) 119.1(3) O(1)-N(3)-C(1) 119.2(2) 
O(2)-N(3)-C(1) 118.3(3) O(2)-N(3)-C(1) 118.3(2)  
N(3)-C(1)-C(2) 116.3(3) N(3)-C(1)-C(2) 116.6(2) 
N(3)-C(1)-C(3) 118.6(3) N(3)-C(1)-C(3) 118.8(2)  
C(2)-C(1)-C(3) 125.1(3) C(2)-C(1)-C(3) 124.6(2) 
N(1)-C(2)-C(1) 121.7(3) N(1)-C(2)-C(1) 122.0(2) 
N(2)-C(3)-C(1) 121.2(3) N(2)-C(3)-C(1) 119.2(2) 
plane 1–plane 2 49.06 ˚ plane 1–plane 2 3.62 ˚ 
plane 1–plane 3 65.38 ˚ plane 1–plane 3 39.11 ˚ 
plane 2–plane 3 79.60 ˚ plane 2–plane 3 40.25 ˚ 
 
aEstimated standard deviations are given in parentheses. 
Definition of the least square planes; 
For NO2.HLMesH: For NO2.HLDtbpH: 
plane 1: N(1)-N(2)-C(1)-C(2)-C(3) plane 1: N(1)-N(2)-C(1)-C(2)-C(3) 
plane 2: C(4)-C(5)-C(6)-C(7)-C(8)-C(9) plane 2: C(4)-C(5)-C(6)-C(7)-C(8)-C(9) 
plane 3: C(13)-C(14)-C(15)-C(16)-C(17)-C(18) plane 3: C(18)-C(19)-C(20)-C(21)-C(22)-C(23)
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Table 1–2. Selected Bond Lengths (Å), Angles (deg), and Angles of Least Square Planes 
(deg) of CN,HLMesH, CN,HLDepH, NO2,HLMesH, NO2,HLDtbpH, NO2,HLDippH, and Me,HLDippH?CH3OHa 
(Continued) 
              NO2,HLDippH Me,HLDippH?CH3OH 
 
O(1)-N(3) 1.238(2) N(1)-C(29) 1.424(5)  
O(2)-N(3) 1.243(2) N(1)-C(2) 1.353(4) 
N(1)-C(2) 1.313(2) N(2)-C(3) 1.295(4) 
N(1)-C(4) 1.434(2) N(1)-C(5) 1.448(4) 
N(2)-C(3) 1.304(2) N(2)-C(17) 1.457(5)  
N(2)-C(16) 1.428(2) C(1)-C(2) 1.350(4) 
N(3)-C(1) 1.424(2) C(1)-C(3) 1.425(5)  
C(1)-C(2) 1.407(2) C(1)-C(4) 1.502(5) 
C(1)-C(3) 1.412(2) N(2)-H(44) 1.646(4) 
    O(1)-H(40)* 1.864(4) 
C(2)-N(1)-C(4) 123.4(2) C(2)-N(1)-C(5) 120.4(3) 
C(3)-N(2)-C(16) 119.6(2) C(3)-N(2)-C(17) 114.9(3) 
O(1)-N(3)-O(2) 122.1(1) C(2)-C(1)-C(4)  123.4(3) 
N(3)-C(1)-C(2) 117.7(2) C(3)-C(1)-C(4)  121.1(3) 
N(3)-C(1)-C(3) 118.0(2) C(2)-C(1)-C(3)  115.5(3)  
C(2)-C(1)-C(3) 124.2(2) N(1)-C(2)-C(1)  128.5(3) 
N(1)-C(2)-C(1) 120.8(2) N(2)-C(3)-C(1)  127.0(3) 
N(2)-C(3)-C(1) 121.5(2) C(29)-O(1)-H(44)  105.4 
plane 1–plane 2 65.23 ° plane 1–plane 2 71.35 ° 
plane 1–plane 3 82.01 ° plane 1–plane 3 67.78 ° 
plane 2–plane 3 56.29 ° plane 2–plane 3 84.53 ° 
 
aEstimated standard deviations are given in parentheses. 
Definition of the least square planes; 
For NO2,HLDippH: For Me,HLDippH?CH3OH: 
plane 1: N(1)-N(2)-C(1)-C(2)-C(3) plane 1: N(1)-N(2)-C(1)-C(2)-C(3) 
plane 2: C(4)-C(5)-C(6)-C(7)-C(8)-C(9) plane 2: C(5)-C(6)-C(7)-C(8)-C(9)-C(10) 
plane 3: C(16)-C(17)-C(18)-C(19)-C(20)-C(21) plane 3: C(17)-C(18)-C(19)-C(20)-C(21)-C(22)
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Experimental 
General. Reagents and solvents used in this study except the ligands and the complexes 
were commercial products of the highest available purity and were further purified by the 
standard methods, if necessary.11 1-Methyl-5-nitro-1H-pyrimidin-2-one (1) was prepared 
according to the reported methods.7 FT-IR spectra were recorded with a Shimadzu 
FTIR–8200PC. Mass spectra were recorded with a JEOL JMS–700T Tandem MS station. 
1H–NMR spectra were recorded on a JEOL LMN–ECP300WB or a LMX–GX400. Elemental 
analyses were recorded with a PerkinElmer or a Fisons instruments EA1108 Elemental 
Analyzer.  
X–ray Structure Determination.  The single crystal was mounted on a glass–fiber. 
Data of X–ray diffraction were collected by a Rigaku RAXIS–RAPID imaging plate 
two-dimensional area detector using graphite-monochromated MoKα radiation (λ = 0.71069 
Å) to 2θmax of 55.0 °. All the crystallographic calculations were performed using Crystal 
Structure software package of the Molecular Structure Corporation (version 2.0 and 3.1). The 
crystal structures were solved by the direct methods and refined by the full-matrix least 
squares using SIR–92 or SHELX97. All non-hydrogen atoms and hydrogen atoms were 
refined anisotropically and isotropically, respectively. Atomic coordinates, thermal parameters, 
and intramolecular bond distances and angles are deposited in the supplementary materials as 
CIF file format. 
Theoretical Calculations. The heat of formation (ΔHf) values of R1,R2LR3H were 
calculated using the PM3 semi–empirical molecular orbital method.12 The calculations were 
performed using the CAChe program version 3.2. Final geometries and energetics were 
obtained by optimizing the total molecular energy with respect to all structural variables. 
Synthesis 
2-Methyl-N-(2,6-diisopropylphenyl)-3-(2,6-diisopropylphenyl)amino-2-propeneimin
e (Me,HLDippH). This compound was prepared according to the reported procedure with a little 
modification as follows.13 To an ethanol solution (50 mL) of 2,6-diisopropylaniline (5.32 g, 
30 mmol) and 1,1,3,3-tetraethoxy-2-methylpropane (3.52 g, 15 mmol) was added 
concentrated hydrochloric acid (1.25 mL, 15 mmol). The mixture was refluxed for 24 h and 
then concentrated to a brown residue. The crude product of Me,HLDippH•HCl was neutralized 
with saturated sodium carbonate and the neutral ligand Me,HLDippH was extracted into 
dichloromethane (50 mL x 3). The combined organic layer was dried over MgSO4. After 
removal of MgSO4 by filtration, evaporation of the solvent gave a pale brown material, from 
which Me,HLDippH was obtained as a white powder by recrystallization from methanol in a 
51 % isolated yield. Single crystals suitable for X-ray crystallographic analysis were obtained 
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by slow diffusion of liquid methanol into a chloroform solution containing Me,HLDippH. IR 
(KBr): 3169 (NH), 1638 cm–1 (C=N); 1H–NMR (CD3OD, 400 MHz): δ 1.19 (24 H, d, J = 6.8 
Hz, CH3), 2.05 (3 H, s, CH3), 3.20 (4 H, septet, J = 6.8 Hz, CH), 6.67–7.24 (8 H, m, aromatic 
protons and CH); HRMS (EI+): m/z 404.3195, calcd for C28H40N2 404.3191; Anal. Calcd for 
C28H40N2?1/6H2O: C, 82.50; H, 9.97; N, 6.87. Found: C, 82.58; H, 10.00; N, 6.80.  
2-Cyano-N-phenyl-3-phenylamino-2-propeneimine (CN,HLPhH). This compound was 
prepared by the reported method by Noguchi and his co–workers as follows.6 To a solution of 
1,3,3-tributoxy-2-cyanopropene (50.1 wt % in butanol, 10 mL, 15 mmol) was added water (10 
mL) and concentrated hydrochloric acid (5 mL), and the mixture was stirred at room 
temperature for 48 h. The reaction mixture was extracted with methylene chloride (50 mL x 3), 
and the combined organic layer was dried over anhydrous MgSO4. Removal of the solvent by 
evaporation gave an orange liquid, to which a methanol solution (30 mL) of aniline (2.79 g, 
30 mmol) was added. After refluxing the mixture for 24 h, removal of the volatile organic 
material under reduced pressure gave an brown oily material, from which CN,HLPhH was 
isolated in a 29 % yield by SiO2 column chromatography by using chloroform as an eluent. IR 
(KBr): 3080 (NH), 2208 (C?N), 1641 cm–1 (C=N); 1H–NMR (CDCl3, 300 MHz): δ 7.15 (4 H, 
d, J = 7.5 Hz, aromatic o-proton of Ph), 7.22 (2 H, t, J = 7.5 Hz, aromatic p-proton of Ph), 
7.40 (4 H, t, J = 7.5 Hz, aromatic m-proton of Ph), 8.07 (2 H, s, CH), 13.20 (1 H, br, NH); 
HRMS (EI+): m/z 247.1100, calcd for C16H13N3 247.1109; Anal. Calcd for C16H13N3: C, 77.35; 
H, 5.21; N, 16.88. Found: C, 77.71; H, 5.30; N, 16.99. 
2-Cyano-N-mesityl-3-mesitylamino-2-propeneimine (CN,HLMesH). This compound was 
prepared in a similar manner described for the synthesis of CN,HLPhH by using 
2,4,6-trimethylaniline instead of aniline in a 47 % isolated yield. In this case, the reaction of 
2,4,6-trimethylaniline was carried out for 48 h. Single crystals suitable for X–ray 
crystallographic analysis were obtained by slow diffusion of liquid methanol into a 
chloroform solution containing CN,HLMesH. IR (KBr): 3070 (NH), 2202 (C?N), 1644 cm–1 
(C=N); 1H–NMR (CDCl3, 400 MHz): δ 2.19 (12 H, s, CH3), 2.28 (6 H, s, CH3), 6.90 (4 H, s, 
aromatic H of mesityl group), 7.67 (2 H, s, CH), 12.38 (1 H, br, NH); HRMS (EI+): m/z 
331.2046, calcd for C22H25N3 331.2048; Anal. Calcd for C22H25N3: C, 79.72; H, 7.60; N, 12.68. 
Found: C, 79.66; H, 7.67; N, 12.65.  
2-Cyano-N-(2,6-diethylphenyl)-3-(2,6-diethylphenyl)amino-2-propeneimine 
(CN,HLDepH). This compound was prepared in a similar manner described for the synthesis of 
CN,HLPhH by using 2,6-diethylaniline instead of aniline in a 35 % isolated yield. In this case, 
the reaction of 2,6-diethylaniline was carried out for 48 h. Single crystals suitable for X–ray 
crystallographic analysis were obtained by slow diffusion of liquid methanol into a 
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chloroform solution containing CN,HLDepH. IR (KBr): 3110 (NH), 2201 (C?N), 1638 cm–1 
(C=N); 1H−NMR (CDCl3, 400 MHz): δ 1.17 (12 H, t, J = 7.6 Hz, CH3), 2.59 (8 H, q, J = 7.6 
Hz, CH2), 7.10−7.16 (6 H, m, aromatic H of Ar group), 7.69 (2 H, s, CH), 12.40 (1 H, br, 
NH); HRMS (EI+): m/z 359.2376, calcd for C24H29N3 359.2361; Anal. Calcd for C24H29N3: C, 
80.18; H, 8.13; N, 11.69. Found: C, 80.01; H, 8.14; N, 11.67. 
2-Cyano-N-(2,6-diisopropylphenyl)-3-(2,6-diisopropylphenyl)amino-2-propeneimin
e (CN,HLDippH). This compound was prepared in a similar manner described for the synthesis of 
CN,HLPhH by using 2,6-diisopropylaniline instead of aniline in a 29 % isolated yield. In this 
case, the reaction of 2,6-diisopropylaniline was carried out for 96 h. IR (KBr): 3190 (NH), 
2210 (C?N), 1647 cm–1 (C=N); 1H–NMR (CDCl3, 400 MHz): δ 1.20 (24 H, d, J = 6.8 Hz, 
CH3), 3.07 (4 H, septet, J = 6.8 Hz, CH), 7.16−7.24 (6 H, m, aromatic H of Ar group), 7.66 (2 
H, s, CH), 12.47 (1 H, br, NH); HRMS (EI+): m/z 415.2966, calcd for C28H37N3 415.2987; 
Anal. Calcd for C28H37N3: C, 80.92; H, 8.97; N, 10.11. Found: C, 80.80; H, 8.94; N, 10.12. 
2-Nitro-N-phenyl-3-phenylamino-2-propeneimine (NO2,HLPhH). Aniline (2.33 g, 25 
mmol) was added into a methanol solution (150 mL) of 1-methyl-5-nitro-1H-pyrimidin-2-one 
(1) (1.86 g, 12 mmol). The mixture was refluxed for 24 h. After the reaction, evaporation of 
the solvent gave a brown oily material, from which NO2,HLPhH was isolated in a 52 % yield by 
flash SiO2 column chromatography with chloroform as an eluent. IR (KBr): 3080 (NH), 1645 
(C=N), 1565, 1317, 1282 cm–1 (NO2); 1H–NMR (CDCl3, 300 MHz): δ 7.23–7.30 (6H, m, 
aromatic proton of Ph), 7.45 (4H, t, J = 8.0 Hz, aromatic m-proton of Ph), 9.15 (2H, s, CH), 
13.64 (1H, br, NH); HRMS (EI+): m/z 267.0990, calcd for C15H13N3O2 267.1008; Anal. Calcd 
for C15H13N3O2: C, 67.41; H, 4.90; N, 15.72. Found: C, 67.24; H, 4.84; N, 15.67. 
N-Mesityl-3-mesitylamino-2-nitro-2-propeneimine (NO2,HLMesH). 
2,4,6-Trimethyl-aniline (850 mg, 6.3 mmol) was treated with compound 1 (510 mg, 3.3 
mmol) in refluxing methanol (40 mL) for 4 days. Removal of volatile organic materials under 
reduced pressure gave a brown oily material, from which NO2,HLMesH was isolated in a 27 % 
yield by SiO2 column chromatography with chloroform as an eluent. Single crystals suitable 
for X–ray crystallographic analysis were obtained by slow diffusion of liquid methanol into a 
chloroform solution containing NO2,HLMesH. IR (KBr): 3100 (NH), 1640 (C=N), 1574, 1305, 
1291, 1272 cm–1 (NO2); 1H–NMR (CDCl3, 300 MHz): δ 2.22 (12H, s, CH3), 2.29 (6H, s, CH3), 
6.93 (4H, s, aromatic H of Ar group), 8.75 (2H, s, CH), 12.77 (1H, br, NH); HRMS (EI+): m/z 
351.1957, calcd for C21H25N3O2 351.1947. Anal. Calcd for C21H25N3O2: C, 71.77; H, 7.17; N, 
11.96. Found: C, 71.79; H, 7.21; N, 11.75. 
N-(2,6-Di-tert-butylphenyl)-3-(2,6-di-tert-butylphenyl)amino-2-nitro-2-propeneimin
e (NO2,HLDtbpH). 3,5-Di-tert-butylaniline (821 mg, 4.0 mmol) in methanol (20mL) was added to 
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a methanol solution (20 mL) of 1 (310 mg, 2.0 mmol) and the solution was refluxed for 2 
days. The resulting precipitates were collected by filtration to give NO2,HLDtbpH in a 45 % yield. 
Single crystals suitable for X–ray crystallographic analysis were obtained by slow diffusion of 
liquid methanol into a CH2Cl2 solution containing NO2,HLDtbpH. IR (KBr): 3100 (NH), 1648 
(C=N), 1564, 1295, 1274 cm–1 (NO2); 1H–NMR (CDCl3, 300 MHz): δ 1.36 (36H, s, CH3), 
7.09 (4H, s, aromatic H of Ar group), 7.35 (2H, s, aromatic H of Ar group), 9.15 (2H, s, CH), 
13.92 (1H, br, NH); HRMS (EI+): m/z 491.3504, calcd for C31H45N3O2 491.3512; Anal. Calcd 
for C31H45N3O2: C, 75.72; H, 9.22; N, 8.55. Found: C, 75.48; H, 9.27; N, 8.60. 
N-(2,6-Diisopropylphenyl)-3-(2,6-diisopropylphenyl)amino-2-nitro-2-propeneimine 
(NO2,HLDippH). This compound was prepared by applying the reported procedure as follows.14 
2,6-Diisopropylaniline (5.32 g, 30 mmol) was added into a methanol solution (100 mL) of 
1-methyl-5-nitro-1H-pyrimidin-2-one (2.33 g, 15 mmol). The mixture was refluxed for 96 h. 
After the reaction, evaporation of the solvent gave a brown oily material, from which 
NO2,HLDippH was isolated in a 21 % yield by flash SiO2 column chromatography with 
chloroform as an yellow powder. Single crystals suitable for X–ray crystallographic analysis 
were obtained by slow diffusion of liquid methanol into a chloroform solution containing 
NO2,HLDippH. IR (KBr): 3066 (NH), 1638 cm–1 (C=N), 1573, 1304, 1279 cm–1 (NO2); 1H–NMR 
(CDCl3, 400 MHz): δ 1.22 (24 H, d, J = 6.8 Hz, CH3), 3.06 (4 H, septet, J = 6.8 Hz, CH), 
7.18–7.28 (6 H, m, aromatic protons), 8.74 (2 H, s, CH), 12.81 (1 H, br, NH); HRMS (EI+): 
m/z 435.2883, calcd for C27H37N3O2 435.2886; Anal. Calcd for C27H37N3O2: C, 74.45; H, 8.56; 
N, 9.65. Found: C, 74.72; H, 8.81; N, 9.41. 
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Chapter 2. Structural Characterization of Silver(I) and Copper(I) 
Complexes Supported by β-Diketiminate Ligands with Different 
Substitution Patterns 
 
Introduction 
A great deal of attention has recently been focused on coordination and/or 
organometallic chemistry of β-diketiminatometal complexes with various metal ions.1 In 
most cases, β-diketiminate ligands are adapted to take a closed conformation (type–A), 
affording a six-membered metallacyclic ring as a minimum structural unit of the complexes 
(Scheme 2–1). However, β-diketiminatometal complexes with an open conformation (type–B) 
are very rare.1–5  
 
Scheme 2–1 
 
 
 
 
 
 
 
 
 
For copper, considerable efforts have been made in modeling of metallo-biosites such as 
those involved in type–1 blue copper proteins6–9 and copper-containing redox enzymes using 
β-diketiminatocopper(I) and -copper(II) complexes.10–17 In addition, β-diketiminatocopper(I) 
complexes have recently been applied to catalytic cyclopropanation and aziridination of 
olefins.18,19 In most cases, however, the β-diketiminate ligands used in those studies are 
limited to simple acetylacetone derivatives which can be easily prepared by the condensation 
reaction between acetylacetone and aniline derivatives.20 In this context, we have recently 
reported a linear coordination polymer complex of copper(I) supported by a β-diketiminate 
ligand containing a nitro group at the α-position of the carbon framework (NO2,HLMes–, 
deprotonated form of NO2,HLMesH), demonstrating a possible application of β-diketiminate 
derivatives to supramolecular chemistry.21 In this study, the reactions of silver(I) ion and a 
series of β-diketiminate ligands (H,MeLDipp–, Me,HLDipp–, H,HLDipp–, CN,HLDipp–, and NO2,HLDipp–, 
deprotonated forms of R1,R2LDippH) have been investigated to find that the ligands behave quite 
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differently toward the metal ion depending on the substituents on the carbon framework (R1 
and R2). It should be noted that nothing is known about coordination chemistry of silver in 
β-diketiminate ligand systems.1,22 Thus, the present study provides the first example of 
β-diketiminatosilver(I) complex. In addition, the author has extended the research on the 
β-diketiminatocopper(I) coordination chemistry using a series of ligands listed in Chart 2–1 
to find that the structures of the complexes are significantly affected not only by the 
substituents R1 and R2 on the ligand carbon framework but also the aromatic group R3 
attached to the ligand nitrogen. The results will provide further insights into coordination 
chemistry of β-diketiminate ligands. 
 
Chart 2–1 
 
 
 
 
 
 
 
 
 
 
 
Results and Discussion 
Reactivity of Methyl-Ligands (H,MeLDippH and Me,HLDippH) with AgIPF6. H,MeLDipp– (R1 = 
H, R2 = Me) is one of the most popular β-diketiminate ligands so far investigated, since it can 
be easily obtained by the condensation reaction between acetylacetone and 
2,6-diisopropylaniline.1 Thus, the reaction of H,MeLDipp– and Ag(I) was first examined. 
Treatment of H,MeLDippH with an equimolar amount of AgIPF6 in the presence of triethylamine 
in methanol at room temperature under anaerobic and dark conditions resulted in precipitation 
of silver metal Ag(0) and organic materials. From the mixture was isolated an organic product 
in a 58 % yield, the structure of which was determined as a dimer of the original ligand 
(H,MeLDipp)2 (Scheme 2–2). One-electron oxidation of H,MeLDipp– by Ag(I) may occur to give a 
radical species H,MeLDipp• and Ag(0), the former of which is converted into the dimer product 
(H,MeLDipp)2 by Cα–Cα radical coupling and following proton migration from the α-carbon to 
the nitrogen atom (imine–to–enamine isomerization, see Scheme 2–2). A similar Cα–Cα 
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coupling reaction took place in the same treatment of Me,HLDippH and AgIPF6 to give 
(Me,HLDipp)2 in a 79 % yield (Scheme 2–3).  
 
Scheme 2–2 
 
 
 
 
 
 
 
 
 
 
 
Scheme 2–3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2–1. ORTEP drawing of (Me,HLDipp)2 with 50% probability thermal-ellipsoids. 
Hydrogen atoms are omitted for clarity. 
N
N
Ar
Ar
Me
Me
N
N
Ar
Ar
Me
Me
H H
N
N
Ar
Ar
N
N
Ar
Ar
N N
Ar Ar
Me Me
AgI
Ag0
N N
Ar Ar
Me Me Dimerization
Imine-to-enamine 
iaomerization
Me
Me Me
Me
H
H
(H,MeLDipp)2
N
N
Ar
Ar
N
N
Ar
Ar
Me
Me
N N
Ar Ar
AgI
Ag0
N N
Ar Ar
Dimerization
Me Me
(Me,HLDipp)2
C1
C2
C3
N1
N2
C4
C5 C17*
C6
C10*C22
C18*
 33 
In this case, imine-to-enamine isomerization does not occur, since there is no proton on 
the α-carbon of Me,HLDippH. Figure 2–1 shows the crystal structure of (Me,HLDipp)2 together with 
the X-ray crystallographic data in Table 2–1 and the selected bond lengths and angles in Table 
2–2, that unambiguously confirms the Cα–Cα bond formation reaction. The bond lengths of 
N–Cβ (1.251(1) Å), Cα–Cβ (1.530(1) Å), and Cα–Cα (1.578(2) Å) also confirm the structure of 
(Me,HLDipp)2 indicated in Scheme 2–3. Occurrence of such a Cα–Cα coupling reaction with 
β-diketiminate ligands carrying alkyl substituent(s) on the carbon framework may be a reason 
for the lack of β-diketiminate–silver coordination chemistry. 
Complex Formation of H,HLDippH, CN,HLDippH, and NO2,HLDippH with AgIPF6. Notably, 
the same treatment of AgIPF6 with H,HLDippH carrying no substituent on the carbon framework 
(R1 = R2 = H)9 gave a dinuclear Ag(I) complex [AgI2(H,HLDipp–)2](CH2Cl2)2 (1) in 96 % as 
shown in Figure 2–2 together with the X-ray crystallographic data and the selected bond 
lengths and angles shown in Table 2–1 and Table 2–3, respectively. 
 
                     (a) 
 
 
 
 
 
 
 
            (b) 
 
 
 
 
 
 
 
 
 
Figure 2–2. ORTEP drawings [(a) Molecule 1 and (b) Molecule 2] of 
[AgI2(H,HLDipp–)2](CH2Cl2)2 with 50% probability thermal–ellipsoids. Hydrogen atoms are 
omitted for clarity. 
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In this complex, β-diketiminate ligand H,HLDipp– exhibits the open conformation (type–B), 
acting as a didentate bridging ligand to afford the 12-membered macrocyclic compound as 
shown in Figure 2–2a. The silver(I) ion exhibits two-coordinate nearly linear structure (bond 
angle of N–Ag–N is 173°), and the distance between the two Ag(I) ions is about 5.0 Å. The 
12-membered macrocyclic ring is perfectly flat and the aromatic ring of 
2,6-diisopropylphenyl substituent is almost perpendicular to the macrocyclic plane (Figure 
2–2b). In the cases of H,MeLDipp– and Me,HLDipp– mentioned in the previous section, such a linear 
conformation of Ag(I) may not be stable due to steric repulsion between the ligand 
substituents (R1, R2, and Ar), thus causing the oxidative degradation (Cα–Cα coupling) 
reaction. 
More interestingly, the treatment of AgPF6 with cyano-ligand CN,HLDippH23 gave a much 
larger macrocyclic tetranuclear Ag(I) complex shown in Figure 2–3 in 84 % yield (the X-ray 
crystallographic data and the selected bond lengths and angles are presented in Table 2–1 and 
Table 2–4, respectively).24 As in the case of the dinuclear Ag(I) complex (Figure 2–2), the 
ligand is adapted to take the open conformation and acts as a didentate bridging ligand, 
producing the large 24-membered ring. The silver(I) ions also exhibit a two-coordinate 
structure, but the N–Ag–N angles of 154°–158° are smaller than that in the dinuclear Ag(I) 
complex (173°). 
 
    (a) 
 
                                     (b) 
                                    
 
 
 
 
 
 
 
 
Figure 2–3. ORTEP drawings [(a) front view and (b) side view] of 
[AgI4(CN,HLDipp—)4(CH2Cl2)] (2) with 50% probability thermal-ellipsoids. Hydrogen atoms in 
(a) and hydrogen atoms except the ones on CH2Cl2 and Ar groups in (b) are omitted for 
clarity. 
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The molecule exhibits a saddle-shape structure, in which one molecule of CH2Cl2 is 
entrapped in the cavity (Figure 2–3b). There seems to be hydrogen-bonding interaction 
between the hydrogen atoms of CH2Cl2 and the nitrogen atoms of –CN groups, but the 
distance between the carbon atom of incorporated CH2Cl2 molecule and the nitrogen atom of 
–CN (4.97 Å) seems to be too long for the formation of hydrogen-bonding interaction. 
On the other hand, another electron-deficient nitro-ligand NO2,HLDippH afforded a totally 
different β-diketiminatosilver(I) complex as shown in Figure 2–4a (72 % isolated yield). The 
X–ray crystallographic data and the selected bond lengths and angles are presented in Table 
2–1 and Table 2–5, respectively. The product was a coordination polymer Ag(I) complex with 
NO2,HLDipp– exhibiting the closed conformation (type–A), where the neutral [AgI(NO2,HLDipp–)] 
units associate with each other to form a head-to-tail (Ag–to–NO2) linear polymer chain. The 
Ag(I) ion exhibits a distorted trigonal planar structure and the nitro group acts as a 
monodentate ligand to link the monomer units. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2–4. (a) ORTEP drawing of the polymer complex {[AgI(NO2,HLDipp–)](CH2Cl2)}n (3) 
with 50% probability thermal–ellipsoids. Hydrogen atoms are omitted for clarity. Schematic 
drawings of the monomer unit alignment of (b) the silver(I) polymer complex and (c) the 
copper(I) polymer complex. 
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Itoh and coworkers previously reported a linear copper(I)–polymer complex supported 
by a similar α-nitro β-diketiminate ligand (Ar = mesityl).25 The coordination geometry of the 
metal center of the Ag(I) polymer complex is fairly close to that of the Cu(I) polymer 
complex, but the alignment of monomer units is largely different between the two systems. 
Namely, in the copper(I)-system, the six-membered chelate rings of all the monomer units is 
parallel to each other, making a flat wall of the one-dimensional polymer chain (Figure 2–4c), 
whereas the chelate ring of the silver(I) complex is perpendicular to that of the neighboring 
monomer units as illustrated in Figure 2–4b. Thus, the copper(I)–polymer complex exhibits a 
dark purple color probably due to an extended d–πp interaction through the Cu–NO2 linkage,25 
but such an extended conjugative interaction is absent in the silver system due to the 
perpendicular monomer alignment. Thus, the color of the Ag(I) polymer complex is yellow.  
Complex Formation of the Nitro–Ligands (NO2,HLR3H) with [CuI(MeCN)4]PF6. As 
mentioned in above section, Itoh and coworkers have demonstrated that the treatment of 
NO2,HLMesH and [CuI(MeCN)4]PF6 in methanol in the presence of triethylamine as a base gave a 
head-to-tail linear polymer complex [{CuI(NO2,HLMes–)}n] (5) with a dark purple color, where 
the copper(I) ion is adapted to a three-coordinate trigonal planar structure and the nitro group 
acts as a monodentate ligand to link the mononuclear copper(I) units (Scheme 2–4 and Figure 
2–5). When the mesityl group of NO2,HLMesH was replaced to a simple phenyl group to give 
NO2,HLPhH, the same treatment caused a disproportionation reaction of CuI to give the 
corresponding bis(β-diketiminato)copper(II) complex, [CuII(NO2,HLPh–)2] (4)26  and a black 
material of copper(0) (Scheme 2–4). On the other hand, treatment of [CuI(MeCN)4]PF6 and 
NO2,HLDippH containing bulkier 2,6-diisopropylphenyl group (Dipp) as the N–substituent under 
the same experimental conditions gave a mononuclear copper(I) complex, 
[CuI(NO2,HLDipp–)(MeCN)] (6), the crystal structure of which is presented in Figure 2–5 
together with the crystallographic data and the selected bond lengths and angles summarized 
in Tables 2–6 and 2–7, respectively. Complex 6 exhibits a three-coordinate trigonal planar 
structure with an acetonitrile molecule as the external ligand, but its trigonal structure of the 
copper center is significantly distorted [N(1)–Cu(1)–N(2): 96.94°, N(1)–Cu(1)–N(4): 145.0°, 
and N(2)–Cu(1)–N(4): 117.7°; deviation of Cu(I) from the least square plane defined by N(1), 
N(2), and N(4) is 0.063 Å] as compared to that of polymer copper(I) complex 5 (the 
corresponding bond angles are 97.17°, 125.86°, and 136.96°; deviation of Cu(I) from the least 
square plane is 0.021 Å).29 These results clearly demonstrate that the complex formation of 
the nitro–ligands NO2,HLR3H is largely affected by the N-aromatic substituents R3 (Scheme 2–4). 
Namely, the less bulky aromatic substituent (Ph) in NO2,HLPhH may stabilize the 
bis(β-diketiminato)copper(II) complex [CuII(NO2,HLPh–)2] (4) causing the disproportionation 
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reaction, whereas the larger aromatic substituent like 2,6-diisopropylphenyl (Dipp) prohibits 
the formation of not only the bis(β-diketiminato)copper(II) complex 4 but also the linear 
polymer complex 5. Thus, the mononuclear copper(I) complex 6 was eventually formed.  
 
Scheme 2–4 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2–5. ORTEP drawing of [CuI(NO2,HLDipp–)(CH3CN)] (6) with 50% probability 
thermal-ellipsoids. Hydrogen atoms are omitted for clarity. 
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Complex Formation of the Cyano–Ligands (CN,R2LR3H) with [CuI(MeCN)4]PF6. In 
contrast to the case of nitro–ligand system, where the resulting copper complexes were largely 
different depending on the aromatic substituents R3 (Scheme 2–4), reaction of cyano–ligands 
CN,R2LR3H with [CuI(MeCN)4]PF6 always produced coordination polymer copper(I) complexes 
(7) ~ (11) regardless of the ligand substituents (R2 and R3). This can be attributed to stronger 
binding of cyano group to copper(I). All the polymer complexes exhibit yellow color, and are 
hardly soluble to ordinary organic solvents except [{CuI(CN,HLDipp–)}n] (10) which is soluble to 
nitrile solvents such as acetonitrile and propionitrile. In Figures 2–7 and 2–8 are shown the 
X–ray structures of [{CuI(CN,HLDep–)}n] (9) and [{CuI(CN,HLDipp–)}n] (10), respectively. Their 
crystallographic data and the selected bond lengths and angles are also summarized in Tables 
2–6, 2–8 and 2–9, respectively. Similar polymeric structure of [{CuI(CN,HLMes–)}n] (8) was also 
obtained in the X-ray crystallographic analysis, although the quality of the crystallographic 
data was not satisfactory yet.27 (Figure 2–6) 
The copper(I) complexes of the cyano–ligands are head–to–tail coordination polymer 
complexes, where the cyano group on the ligand carbon framework acts as the bridging ligand, 
connecting the (β–diketiminato)copper(I) monomer units.  
 
    (a)                            (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2–6. Preliminary X–ray structure of (a) a top view of the crystal packing of 
[{CuI(CN,HLMes–)}n] (8) and (b) a side view of its linear chain structure with 50% probability 
thermal–ellipsoids. Hydrogen atoms are omitted for clarity. 
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    (a)                            (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2–6. ORTEP drawings of (a) a top view of the crystal packing of [{CuI(CN,HLDep–)}n] 
(9) and (b) a side view of its linear chain structure with 50% probability thermal–ellipsoids. 
Hydrogen atoms are omitted for clarity. 
 
     (a)                            (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2–7. ORTEP drawings of (a) a top view of the crystal packing of [{CuI(CN,HLDipp–)}n] 
(10) and (b) a side view of its linear chain structure with 50% probability thermal–ellipsoids. 
Hydrogen atoms are omitted for clarity. 
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The copper(I) ion exhibits a three–coordinate trigonal planar structure with a N3 donor 
set, in which the metal ion exists just on the plane consisting of the three nitrogen atoms. 
However, the bond angles around the metal ion N–Cu–N are largely different between the two 
complexes. The N–Cu–N angles in [{CuI(CN,HLDep–)}n] (9) are 99.0, 107.2, and 153.9 ° and 
those in [{CuI(CN,HLDipp–)}n] (10) are 96.6, 116.0, and 147.3 ° (for molecule 1) and 97.0, 115.3, 
and 146.7 ° (for molecule 2), respectively (Tables 2–8 and 2–9). Thus, the distortion from the 
trigonal structure becomes significantly larger in these cases as compared to that of the 
coordination polymer complex 8 of the nitro-ligand NO2,HLMesH. As the results, linearity of the 
polymer chain in complexes 9 and 10 become zigzag shape as indicated in Figures 2–7b and 
2–8b, respectively. As seen in the top view of crystal packing, relatively wide and long 
columns are constructed in each crystal (Cu–Cu distances in each complex are: 7.8 and 12.4 
Å in 6; 8.3 and 12.4 Å in 7, see Figures 2–7a and 2–8a), which could be applied to a gas 
adsorption material. 
Copper(I) Complexes of H,HLDippH and Me,HLDippH. So far, (β-diketiminato)copper(I) 
complexes supported by the ligands with –NO2 or –CN group at the α–position of the carbon 
framework have been described. In all the cases, the ligands are adapted to the closed 
conformation A shown in Scheme 2–1. In this study, we have found that H,HLDippH and 
Me,HLDippH provide copper(I) complexes with open conformation B as demonstrated below.  
Reaction of [CuI(MeCN)4]PF6 and the lithium salt of H,HLDipp– (deprotonated form of 
H,HLDippH) gave a 12–membered macrocyclic dinuclear copper(I) complex 12 with the ligand 
exhibiting open conformation B as shown in Figure 2–9. The copper(I) ion exhibits 
two-coordinate nearly linear coordination geometry (bond angle of N–Cu–N is 174.0°), and 
the distance between the two Cu(I) ions in the complex is about 4.99Å. (Table 2–10) The 
macrocyclic ring is almost flat and the aromatic ring of 2,6-diisopropylphenyl substituent is 
nearly perpendicular to the macrocyclic plane. Overall structure of this complex is very close 
to that of the similar macrocyclic dinuclear silver(I) complex of the same ligand described in 
Figure 2–2.  
Another interesting copper(I) complex 13 was obtained in the reaction of Me,HLDipp– 
(lithium salt) and [CuI(MeCN)4]PF6 in THF. In this case, the product was a 24-membered 
macrocyclic tetranuclear copper(I) complex as illustrated in Figure 2–10, the structure of 
which has been confirmed by high-resolution FAB–MS, elemental analysis, and 1H–NMR 
data presented in Experimental section. Although quality of the crystallographic data are not 
satisfactory due to disorder problem of the solvent molecules, the tetranuclear copper(I) 
structure was seen in its preliminary X–ray study (Figure 2–11), which was nearly the same to 
the structure of the macrocyclic tetranuclear silver(I) complex shown in Figure 2–3. In this 
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case as well, the ligand is adapted to the open conformation B, but the α-methyl substituent 
(R1 = Me) may prevent to take the smaller macrocyclic structure shown in Figure 2–9 due to 
the steric repulsion between the ligand substituents, thus providing the large 24-membered 
macrocyclic tetranuclear copper(I) complex 13. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2–9. ORTEP drawing of [{CuI(H,HLDipp–)}2]•CH2Cl2 (12) with 50% probability 
thermal-ellipsoids. Hydrogen atoms are omitted for clarity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2–10. Schematic drawing of the crystal structure of tetranuclear copper(I) complex 
[{CuI(Me,HLDipp–)}4] (13). 
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Figure 2–11. Preliminary X-ray structure of [{CuI(Me,HLDipp–)}4] (13) with 50% probability 
thermal-ellipsoids. Hydrogen atoms are omitted for clarity.   
 
 
Summary 
Unique behavior of β-diketiminate ligands has been found in the reaction with AgIPF6. 
With the ordinary alkyl substituted ligands (H,MeLDipp– and Me,HLDipp–), one–electron oxidation 
of the ligand occurred to induce the Cα–Cα radical coupling reaction (Scheme 2–2 and Scheme 
2–3). This may be a reason for the lack of coordination chemistry in the β-diketiminate–silver 
system.1 Less hindered β-diketiminate ligand H,HLDipp–, on the other hand, provided the 
dinuclear silver(I) complex [AgI2(H,HLDipp–)2] with the open conformation of the supporting 
ligand (Figure 2–2). The Ag(I) oxidation state may be stabilized in the linear coordination 
geometry, prohibiting the one-electron oxidation of ligand by Ag(I). The β-diketiminate 
ligands involving a strong electron-withdrawing group such as –CN in CN,HLDipp– and –NO2 in 
NO2,HLDipp– can also stabilize the silver(I) oxidation state to give a unique macrocyclic 
tetranuclear Ag(I) complex with the open conformation (type–B) (Figure 2–3) and the linear 
polymer Ag(I) complex with a trigonal planar geometry supported by the ligand with the 
closed conformation (type–A) (Figure 2–4). Thus, control of the oxidation state of silver by 
the ligand is very important for the development of β-diketiminatosilver complexes. 
On the other hand, the authors have demonstrated that β-diketiminate ligands can be 
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N
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adopted for the synthesis of a variety of copper(I) complexes including mononuclear 
copper(I) complex, one-dimensional coordination polymer complexes with different 
coordination geometry, and macrocyclic dinuclear and tetranuclear copper(I) complexes 
supported by the ligand with an open conformation. The structures of copper(I) complexes are 
largely controlled by the steric and/or electronic effects of the substituents R1 and R3. 
Reactivity of these copper(I) complexes with O2 is discussed in Chapter 4. 
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Table 2–1. Summary of X-ray Crystallographic Data of (Me,HLDipp)2, [AgI2(H,HLDipp–)2](CH2Cl2)2 
(1), [AgI4(CN,HLDipp–)4(CH2Cl2)] (2), and {[AgI(NO2,HLDipp–)](CH2Cl2)}n (3) 
 
 (Me,HLDipp)2 [AgI2(H,HLDipp–)2](CH2Cl2)2(1) 
 
empirical formula C56H78N4 C56H78Ag2Cl4N4 
formula weight 807.26 1164.81 
crystal system monoclinic triclinic 
space group P21/c (#14)  P-1 (#2) 
a, Å 11.824(2)  11.160(8) 
b, Å 10.358(2)  12.854(9) 
c, Å 21.483(4)  21.44(2) 
α, deg  82.84(3) 
β, deg 108.296(4)  83.35(3) 
γ, deg  85.24(3) 
V, Å3 2498.1(8)  3023(3) 
Z 2 2 
F(000)  884.00 1208.00 
Dcalc, g/cm3 1.073 1.279 
T, ˚C –120 –120 
crystal size, mm 0.20 x 0.20 x 0.20 0.10 x 0.10 x 0.10 
µ (MoKα), cm–1 0.62 8.58 
radiation MoKα (0.71070 Å)  MoKα (0.71075 Å) 
2θmax, deg 55.0 55.0 
no. of reflns measd 24350 29183 
no. of reflns obsd 9427 [I > 3.00σ(I)]  7678 [I > 3.00σ (I)] 
no. of variables 311 674 
Ra; Rwb 0.053; 0.054 0.064; 0.065 
goodness of fit indicator 1.07 1.05 
 
a R = Σ ||Fo| - |Fc|| / Σ |Fo|, b Rw = [Σ w (|Fo| - |Fc|)
2 / Σ w Fo
2]1/2 
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Table 2–1. Summary of X-ray Crystallographic Data of (Me,HLDipp)2, [AgI2(H,HLDipp–)2](CH2Cl2)2 
(1), [AgI4(CN,HLDipp–)4(CH2Cl2)] (2), and {[AgI(NO2,HLDipp–)](CH2Cl2)}n (3) (continued) 
 
 [AgI4(CN,HLDipp–)4(CH2Cl2)] (2)  {[AgI(NO2,HLDipp–)](CH2Cl2)}n(3) 
 
empirical formula C113H146Ag4Cl2N12 C28H38AgCl2N3O2 
formula weight 2174.85 627.40 
crystal system monoclinic monoclinic 
space group P21/m (#11) P21 (#4) 
a, Å 14.866(4) 12.432(2) 
b, Å 28.120(7) 16.167(2) 
c, Å 17.752(5) 15.208(3) 
α, deg    
β, deg 118.873(3) 105.025(4) 
γ, deg    
V, Å3 6498.5(33) 2952.0(8) 
Z 2 4 
F(000)  2260.00 1296.00 
Dcalc, g/cm3 1.111 1.412 
T, ˚C –120 –120 
crystal size, mm 0.20 x 0.20 x 0.20 0.10 x 0.10 x 0.20 
µ (MoKα), cm–1 6.76 8.90 
radiation MoKα (0.71070 Å) MoKα (0.71070 Å) 
2θmax, deg 55.0 55.0 
no. of reflns measd 51621 29107 
no. of reflns obsd 13680 [I > 3.00σ(I)] 22778 [I > 3.00σ (I)] 
no. of variables 681 726 
Ra; Rwb 0.050; 0.052 0.047; 0.050 
goodness of fit indicator 1.07 1.07 
 
a R = Σ ||Fo| - |Fc|| / Σ |Fo|, b Rw = [Σ w (|Fo| - |Fc|)
2 / Σ w Fo
2]1/2 
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Table 2–2. Selected Bond Lengths (Å) and Angles (deg) of (Me,HLDipp)2a  
 
(Me,HLDipp)2 
 
N(1)-C(2) 1.251(1) 
N(1)-C(5) 1.430(1) 
N(2)-C(3) 1.251(1) 
N(2)-C(17) 1.439(1) 
C(1)-C(1)* 1.578(2) 
C(1)-C(2) 1.530(1) 
C(1)-C(3) 1.513(1) 
C(1)-C(4) 1.544(2) 
 
C(2)-N(1)-C(5) 117.65(8) 
N(1)-C(2)-C(1) 123.26(8) 
N(1)-C(5)-C(6) 118.8(1) 
N(1)-C(5)-C(10) 119.9(1) 
C(3)-N(2)-C(17) 117.78(8) 
N(2)-C(3)-C(1) 121.71(8) 
N(2)-C(17)-C(18) 118.2(1) 
N(2)-C(17)-C(22) 120.4(1) 
C(2)-C(1)-C(3) 108.19(7) 
C(2)-C(1)-C(4) 110.28(8) 
C(3)-C(1)-C(4) 108.11(8) 
C(2)-C(1)-C(1)* 110.46(8) 
C(3)-C(1)-C(1)* 109.54(8) 
C(4)-C(1)-C(1)* 110.18(8) 
 
a Estimated standard deviations are given in parentheses. 
 47 
Table 2–3. Selected Bond Lengths (Å) and Angles (deg) of [AgI2(H,HLDipp–)2](CH2Cl2)2a (1)   
 
[AgI2(H,HLDipp–)2](CH2Cl2)2 (1) 
 
 Molecule 1 Molecule 2 
Ag(1)-N(1) 2.112(7)  Ag(2)-N(3) 2.097(8) 
Ag(1)-N(2)* 2.110(7) Ag(2)-N(4)* 2.123(8) 
N(1)-C(2)  1.34(1) N(3)-C(29)  1.41(1) 
N(1)-C(4)  1.38(1) N(3)-C(31)  1.49(1) 
N(2)-C(3)  1.33(1) N(4)-C(30)  1.31(1) 
N(2)-C(16)  1.41(1) N(4)-C(43)  1.45(1) 
C(1)-C(2)  1.41(1) C(28)-C(29)  1.38(1) 
C(1)-C(3)  1.34(1) C(28)-C(30)  1.48(1) 
Ag(1)-Ag(1)* 5.092(1)  Ag(2)-Ag(2)* 5.033(1) 
 
N(1)-Ag(1)-N(2)*  172.9(3) N(3)-Ag(2)-N(4)* 173.2(3) 
Ag(1)-N(1)-C(2)  118.8(6) Ag(2)-N(3)-C(29)  123.4(5) 
Ag(1)-N(1)-C(4)  123.4(6) Ag(2)-N(3)-C(31) 120.6(6) 
Ag(1)-N(2)*-C(3)*  121.3(6) Ag(2)-N(4)*-C(30)* 124.1(6) 
Ag(1)-N(2)*-C(16)* 119.0(6) Ag(2)-N(4)*-C(43)* 122.9(5) 
C(2)-N(1)-C(4) 117.8(7) C(29)-N(3)-C(31) 115.7(7) 
C(3)-N(2)-C(16) 119.7(7) C(30)-N(4)-C(43) 113.0(7) 
N(1)-C(2)-C(1) 125.2(8) N(3)-C(29)-C(28) 117.3(7) 
N(2)-C(3)-C(1) 126.7(8) N(4)-C(30)-C(28) 118.7(8) 
C(2)-C(1)-C(3) 124.9(8) C(29)-C(28)-C(30) 116.9(8) 
 
a Estimated standard deviations are given in parentheses. 
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Table 2–4. Selected Bond Lengths (Å) and Angles (deg) of [AgI4(CN,HLDipp–)4(CH2Cl2)]a (2) 
 
[AgI4(CN,HLDipp—)4(CH2Cl2)] (2) 
 
Ag(1)-N(1) 2.110(2)  Ag(1)-N(4) 2.123(3) 
Ag(2)-N(2) 2.127(3) Ag(2)-N(6) 2.128(3) 
N(1)-C(2)  1.319(5) N(1)-C(5)  1.451(6) 
N(2)-C(3)  1.313(6) N(2)-C(17)  1.424(5) 
N(3)-C(4)  1.134(5) N(4)-C(30)  1.277(4) 
N(4)-C(32)  1.461(5) N(5)-C(31)  1.119(6) 
N(6)-C(45)  1.289(4) N(6)-C(47)  1.439(4) 
N(7)-C(46)  1.172(7) C(1)-C(2)  1.414(6) 
C(1)-C(3)  1.421(5) C(1)-C(4)  1.431(5) 
C(29)-C(30)  1.415(4) C(29)-C(31)  1.456(6) 
C(44)-C(45)  1.417(4) C(44)-C(46)  1.414(7) 
Ag(1)-Ag(2) 5.9680(6)  Ag(1)-Ag(1)* 5.9777(4) 
Ag(1)-Ag(2)* 8.4138(5) N7(2)-C(59) 4.97(2) 
 
N(1)-Ag(1)-N(4)  154.4(1) Ag(1)-N(1)-C(2)  131.8(3) 
Ag(1)-N(1)-C(5)  112.0(2) Ag(1)-N(4)-C(30)  128.6(2) 
Ag(1)-N(4)-C(32)  115.6(2) N(2)-Ag(2)-N(6)  157.6(1) 
Ag(2)-N(2)-C(3)  126.3(2) Ag(2)-N(2)-C(17)  114.6(3) 
Ag(2)-N(6)-C(45)  129.6(3) Ag(2)-N(6)-C(47)  111.4(2) 
C(2)-N(1)-C(5) 116.0(3) N(1)-C(2)-C(1) 125.2(3) 
C(3)-N(2)-C(17) 117.1(3) N(2)-C(3)-C(1) 126.7(3) 
N(3)-C(4)-C(1) 177.7(4) C(30)-N(4)-C(32) 115.4(3) 
N(4)-C(30)-C(29) 127.1(3) N(5)-C(31)-C(29) 177.5(8) 
C(45)-N(6)-C(47) 118.9(3) N(6)-C(45)-C(44) 125.7(4) 
N(7)-C(46)-C(44) 176.8(7) C(2)-C(1)-C(3) 119.1(3) 
C(2)-C(1)-C(4) 119.8(3) C(3)-C(1)-C(4) 120.7(4) 
C(30)-C(29)-C(31) 120.3(2) C(30)-C(29)-C(30)* 118.8(4) 
C(45)-C(44)-C(46) 119.3(2) C(45)-C(44)-C(45)* 121.3(4) 
 
a Estimated standard deviations are given in parentheses. 
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Table 2–5. Selected Bond Lengths (Å), Angles (deg), and Angle of Least Square Planes (deg) 
of {[AgI(NO2,HLDipp–)](CH2Cl2)}na (3) 
 
{[AgI(NO2,HLDipp—)](CH2Cl2)}n(3) 
 
Ag(1)-N(1) 2.247(4)  Ag(2)-N(4) 2.286(4) 
Ag(1)-N(2) 2.241(5) Ag(2)-N(5) 2.231(5) 
Ag(1)-O(3) 2.240(4) Ag(2)-O(1) 2.243(4) 
N(1)-C(2)  1.258(8) N(4)-C(29)  1.293(7) 
N(2)-C(3)  1.309(8) N(5)-C(30)  1.283(8) 
N(3)-O(1)  1.266(5) N(6)-O(3) 1.288(6) 
N(3)-O(2) 1.275(6) N(6)-O(4) 1.250(7) 
N(3)-C(1) 1.372(8) N(6)-C(28)* 1.376(8) 
C(1)-C(2) 1.471(8) C(28)-C(29)  1.398(8) 
C(1)-C(3) 1.411(7) C(28)-C(30)  1.435(7) 
 
N(1)-Ag(1)-N(2)  86.6(2) N(4)-Ag(2)-N(5) 85.0(2) 
N(1)-Ag(1)-O(3) 128.4(2) N(4)-Ag(2)-O(1) 129.1(2) 
N(2)-Ag(1)-O(3) 144.8(2) N(5)-Ag(2)-O(1) 144.9(1) 
Ag(1)-N(1)-C(2)  127.2(4) Ag(2)-N(4)-C(29) 125.7(4) 
Ag(1)-N(2)-C(3) 125.0(3) Ag(2)-N(5)-C(30) 126.9(3) 
Ag(1)-O(3)-N(6) 103.8(3) Ag(2)-O(1)-N(3) 106.5(3) 
N(1)-C(2)-C(1) 124.8(5) N(4)-C(29)-C(28) 126.7(5) 
N(2)-C(3)-C(1) 126.4(5) N(5)-C(30)-C(28) 126.6(6) 
N(3)-C(1)-C(2) 115.4(4) N(6)*-C(28)-C(29) 116.5(4) 
N(3)-C(1)-C(3) 115.0(5) N(6)*-C(28)-C(30) 114.8(5) 
C(2)-C(1)-C(3) 129.4(6) C(29)-C(28)-C(30) 128.6(6) 
 
  plane 1–plane 2    74.93 ° 
 
aEstimated standard deviations are given in parentheses. 
Definition of the least square planes; 
For {[AgI(NO2,HLDipp—)](CH2Cl2)}n: 
plane 1: N(1)-N(2)-C(1)-C(2)-C(3) 
plane 2: N(4)-N(5)-C(28)-C(29)-C(30) 
 50 
 Table 2–6. Summary of X-ray Crystallographic Data of [CuI(NO2,HLDipp–)(CH3CN)] (6), 
[{CuI(CN,HLDep–)}n] (9), [{CuI(CN,HLDipp–)}n] (10) and [{CuI(H,HLDipp–)}2]•CH2Cl2 (11) 
 
 [CuI(NO2,HLDipp–)(CH3CN)] (6) [{CuI(CN,HLDep–)}n] (9) 
 
empirical formula C29H39CuN4O2 C24H28CuN3 
formula weight 539.20 422.05 
crystal system monoclinic monoclinic 
space group P21/n (#14) P21/n (#14) 
a, Å 14.552(4) 8.836(2) 
b, Å 11.989(3) 20.328(5) 
c, Å 18.286(5) 11.854(3) 
α, deg     
β, deg 116.141(5) 92.331(6) 
γ, deg    
V, Å3 2863.9(13) 2127.4(9) 
Z 4 4 
F(000)  1144.00 888.00 
Dcalc, g/cm3 1.250 1.318 
T, ˚C –115 –115 
crystal size, mm 0.10 x 0.10 x 0.30 0.10 x 0.10 x 0.10 
µ (MoKα), cm–1 87.94 10.40 
radiation MoKα (0.71070 Å) MoKα (0.71070 Å) 
2θmax, deg 55.0 55.0 
no. of reflns measd 27939 20941 
no. of reflns obsd 15783 [I > 3.00σ(I)] 11843 [I > 3.00σ(I)] 
no. of variables 365 282 
Ra; Rwb 0.060; 0.061 0.069; 0.070 
goodness of fit indicator 1.00 1.03 
 
a R = Σ ||Fo| - |Fc|| / Σ |Fo|, b Rw = [Σ w (|Fo| - |Fc|)
2 / Σ w Fo
2]1/2 
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Table 2–6. Summary of X-ray Crystallographic Data of [CuI(NO2,HLDipp–)(CH3CN)] (6), 
[{CuI(CN,HLDep–)}n] (9), [{CuI(CN,HLDipp–)}n] (10) and [{CuI(H,HLDipp–)}2]•CH2Cl2 (12) 
(continued) 
 
 [{CuI(CN,HLDipp)}n] (10)  [{CuI(H,HLDipp–)}2]•CH2Cl2 (12) 
 
empirical formula C29H38Cl2CuN3 C55H76Cu2N4Cl2 
formula weight 563.09 991.23 
crystal system monoclinic monoclinic 
space group P21/n (#14) C2/c (#15) 
a, Å 17.804(8) 29.786(20) 
b, Å 14.864(5) 8.963(5) 
c, Å 24.310(10) 22.193(13) 
α, deg     
β, deg 111.371(12) 118.15(2) 
γ, deg    
V, Å3 5991.0(43) 5224.2(53) 
Z 8 4 
F(000)  2368.00 2104.00 
Dcalc, g/cm3 1.248 1.260 
T, ˚C –115 –115 
crystal size, mm 0.20 x 0.20 x 0.30 0.10 x 0.10 x 0.10 
µ (MoKα), cm–1 9.28 9.550 
radiation MoKα (0.71070 Å) MoKα (0.71075 Å) 
2θmax, deg 55.0 55.0 
no. of reflns measd 56772 3570 
no. of reflns obsd 16260 [I > 3.00σ(I)] 5766 [I > 2.00σ(I)] 
no. of variables 708 326 
Ra; Rwb 0.067; 0.076 0.062; 0.071 
goodness of fit indicator 0.95 1.03 
 
a) a R = Σ ||Fo| - |Fc|| / Σ |Fo|, b Rw = [Σ w (|Fo| - |Fc|)
2 / Σ w Fo
2]1/2
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Table 2–7. Selected Bond Lengths (Å) and Angles (deg) of [CuI(NO2,HLDipp–)(CH3CN)] (6)a)  
 
[CuI(NO2,HLDipp–)(CH3CN)] (6) 
 
Cu(1)-N(1) 1.934(2) 
Cu(1)-N(2) 1.987(2) 
Cu(1)-N(4) 1.857(2) 
N(1)-C(2)  1.301(3) 
N(1)-C(4) 1.427(3) 
N(2)-C(3)  1.306(2) 
N(2)-C(16)  1.435(3) 
N(3)-C(1)  1.419(3) 
N(4)-C(28)  1.116(3) 
C(1)-C(2)  1.414(4) 
C(1)-C(3)  1.406(3) 
N(1)-Cu(1)-N(2)  96.94(7) 
N(1)-Cu(1)-N(4) 145.0(1) 
N(2)-Cu(1)-N(4) 117.7(1) 
Cu(1)-N(1)-C(2) 122.1(2) 
Cu(1)-N(1)-C(4) 119.3(1) 
Cu(1)-N(2)-C(3) 121.3(2) 
Cu(1)-N(2)-C(16) 120.4(1) 
Cu(1)-N(4)-C(28) 169.2(3) 
 
a Estimated standard deviations are given in parentheses. 
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Table 2–8. Selected Bond Lengths (Å) and Angles (deg) of [{CuI(CN,HLDep–)}n] (9)a
 
[{CuI(CN,HLDep–)}n] (9) 
 
Cu(1)-N(1) 1.901(3) 
Cu(1)-N(2) 2.023(3) 
Cu(1)-N(3) 1.854(3) 
N(1)-C(2)  1.302(4) 
N(1)-C(5)  1.450(4) 
N(2)-C(3) 1.298(4) 
N(2)-C(15)  1.431(4) 
N(3)-C(4)  1.154(4) 
C(1)-C(2)  1.416(4) 
C(1)-C(3)  1.412(4) 
C(1)-C(4)  1.419(4) 
N(1)-Cu(1)-N(2)  99.0(1) 
N(1)-Cu(1)-N(3) 153.9(1) 
N(2)-Cu(1)-N(3) 107.2(1) 
Cu(1)-N(1)-C(2) 121.5(2) 
Cu(1)-N(1)-C(5) 122.5(2) 
Cu(1)-N(2)-C(3) 119.7(2) 
Cu(1)-N(2)-C(15) 121.2(2) 
Cu(1)-N(3)-C(4) 163.7(3) 
 
a Estimated standard deviations are given in parentheses. 
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Table 2–9. Selected Bond Lengths (Å) and Angles (deg) of [{CuI(CN,HLDipp–)}n] (10)a
 
[{CuI(CN,HLDipp–)}n] (10)
 
Cu(1)-N(1) 2.006(3) Cu(2)-N(4) 1.929(3) 
Cu(1)-N(2) 1.928(3) Cu(2)-N(5) 2.017(3) 
Cu(1)-N(6) 1.865(3) Cu(2)-N(3) 1.850(2) 
N(1)-C(2)  1.278(4) N(4)-C(30) 1.290(4) 
N(1)-C(5)  1.442(4) N(4)-C(33) 1.423(4) 
N(2)-C(3) 1.293(4) N(5)-C(31) 1.260(4) 
N(2)-C(17)  1.441(5) N(5)-C(45) 1.448(5) 
N(3)-C(4)  1.149(5) N(6)-C(32) 1.117(5) 
C(1)-C(2)  1.405(5) C(29)-C(30) 1.423(5) 
C(1)-C(3)  1.422(5) C(29)-C(31) 1.458(5) 
C(1)-C(4)* 1.418(5) C(29)-C(32)  1.435(5) 
N(1)-Cu(1)-N(2)  96.6(1) N(4)-Cu(2)-N(5) 97.0(1) 
N(1)-Cu(1)-N(6) 116.0(1) N(4)-Cu(2)-N(3) 146.7(1) 
N(2)-Cu(1)-N(6) 147.3(1) N(5)-Cu(2)-N(3) 115.3(1) 
Cu(1)-N(1)-C(2) 122.1(3) Cu(2)-N(4)-C(30) 122.7(2) 
Cu(1)-N(1)-C(5) 116.7(2) Cu(2)-N(4)-C(33) 119.1(2) 
Cu(1)-N(2)-C(3) 122.5(3) Cu(2)-N(5)-C(31) 123.2(3) 
Cu(1)-N(2)-C(15) 120.0(2) Cu(2)-N(5)-C(45) 116.3(2) 
Cu(1)-N(6)-C(32) 170.6(4) Cu(2)-N(3)-C(4) 170.0(4) 
 
a Estimated standard deviations are given in parentheses. 
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Table 2–10. Selected Bond Lengths (Å) and Angles (deg) of [{CuI(H,HLDipp–)}2]•CH2Cl2 (12)a
 
[{CuI(H,HLDipp–)}2]•CH2Cl2 (12) 
 
Cu(1)-N(1) 1.862(8) 
Cu(1)-N(2)* 1.877(8) 
N(1)-C(2)  1.325(10) 
N(1)-C(4) 1.462(13) 
N(2)-C(3)  1.318(10) 
N(2)-C(16)  1.451(11) 
C(1)-C(2)  1.408(11) 
C(1)-C(3)  1.402(10) 
Cu(1)-Cu(1)* 4.9853(12) 
N(1)-Cu(1)-N(2)*  174.0(2) 
Cu(1)-N(1)-C(2) 121.3(6) 
Cu(1)-N(1)-C(4) 123.1(4) 
Cu(1)-N(2)*-C(3)* 121.4(5) 
Cu(1)-N(2)*-C(16)* 122.9(6) 
C(2)-N(1)-C(4) 114.9(8) 
N(2)-C(3)-C(1) 124.2(9) 
C(2)-C(1)-C(3) 123.1(9) 
 
a Estimated standard deviations are given in parentheses. 
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Experimental 
General. The reagents and solvents used in this study except the ligands and the 
complexes were commercial products of the highest available purity and were further purified 
by the standard methods, if necessary.28 Ligands in the neutral form, H,HLDippH,29 H,MeLDippH,30 
and CN,MeLDippH,31 were prepared according to the reported procedures. FT–IR spectra were 
recorded with a Shimadzu FTIR–8200PC. Mass spectra were recorded with a JEOL 
JMS-700T Tandem MS station. 1H-NMR spectra were recorded on a JEOL LMN-ECP300WB 
or a LMX–GX400. Elemental analyses were recorded with a Perkin-Elmer or a Fisons 
instruments EA1108 Elemental Analyzer.  
X–ray Structure Determination.  The single crystal was mounted on a glass-fiber. 
Data of X–ray diffraction were collected by a Rigaku RAXIS-RAPID imaging plate 
two-dimensional area detector and Rigaku AFC7/CCD Mercury area detector using 
graphite-monochromated MoKα radiation (λ = 0.71070 Å) to 2θmax of 55.0 °. All the 
crystallographic calculations were performed using Crystal Structure software package of the 
Molecular Structure Corporation (version 3.6 and 3.7). The crystal structures were solved by 
the direct methods and refined by the full-matrix least squares using SIR–92 or SHELX97. 
All non-hydrogen atoms and hydrogen atoms were refined anisotropically and isotropically, 
respectively. Atomic coordinates, thermal parameters, and intramolecular bond distances and 
angles are deposited in the supplementary materials as CIF file format. 
Synthesis 
Dimer Product (H,MeLDipp)2. To a methanol solution (2 mL) containing H,MeLDippH (41.9 
mg, 0.1 mmol) and AgIPF6 (25.3 mg, 0.1 mmol) was added triethylamine (10.1 mg, 0.1 mmol), 
and the mixture was stirred for 24 h at room temperature in a glovebox ([O2] < 1 ppm, [H2O] 
< 1 ppm) under dark. The resulting precipitates involving the organic product and silver metal 
were collected by filtration, and the organic product was dissolved into dichloromethane (2 
mL). After removal of insoluble Ag(0) material by filtration, evaporation of the solvent gave a 
colorless material, from which (H,MeLDipp)2 was obtained as a white powder by recrystallization 
from methanol in a 58 % isolated yield. IR (KBr): 1599 cm–1 (C=N); 1H–NMR (CDCl3, 400 
MHz): δ 1.12 (24 H, d, J = 6.8 Hz, CH3), 1.14 (24 H, d, J = 6.8 Hz, CH3), 1.78 (12 H, s, CH3), 
3.17 (8 H, septet, J = 6.8 Hz, CH), 7.10–7.14 (12 H, m, aromatic protons), 13.38 (2 H, br, 
NH); HRMS (FAB+): m/z 834.6514, calcd for C58H82N4 834.6539; Anal. Calcd for C58H82N4?
1/2H2O: C, 82.51; H, 9.91; N, 6.64. Found: C, 82.67; H, 9.99; N, 6.50. 
Dimer Product (Me,HLDipp)2. This compound was prepared in a similar manner described 
above by using Me,HLDippH (40.5 mg, 0.1 mmol) instead of H,MeLDippH in a 79 % isolated yield. 
Single crystals suitable for X–ray crystallographic analysis were obtained by slow diffusion of 
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methanol into a dichloromethane solution containing (Me,HLDipp)2. IR (KBr): 1645 cm–1 (C=N); 
1H–NMR (CDCl3, 400 MHz): δ 0.99 (24 H, d, J = 6.8 Hz, CH3), 1.03 (24 H, d, J = 6.8 Hz, 
CH3), 1.85 (6 H, s, CH3), 2.93 (8 H, septet, J = 6.8 Hz, CH), 7.06–7.09 (12 H, m, aromatic 
protons), 8.20 (4 H, s, CH); HRMS (FAB+): m/z 807.6313, calcd for C56H79N4 807.6305; Anal. 
Calcd for C56H78N4: C, 83.32; H, 9.74; N, 6.94. Found: C, 83.12; H, 9.81; N, 6.78.  
[AgI2(H,HLDipp–)2](CH2Cl2)2 (1). To a methanol solution (2 mL) containing H,HLDippH (39.1 
mg, 0.1 mmol) and AgIPF6 (25.3 mg, 0.1 mmol) was added triethylamine (10.1 mg, 0.1 mmol), 
and the mixture was stirred for 24 h at room temperature in a glovebox ([O2] < 1 ppm, [H2O] 
< 1 ppm) under dark. The resulting precipitates were collected by filtration and dried to give 
white powder in 96 %. Single crystals suitable for X–ray crystallographic analysis were 
obtained by slow diffusion of methanol into a dichloromethane solution containing the 
complex. IR (KBr): 1601 cm–1 (C=N); 1H–NMR (CDCl3, 400 MHz): δ 1.17 (24 H, d, J = 6.8 
Hz, CH3), 1.18 (24 H, d, J = 6.8 Hz, CH3), 3.40 (8 H, septet, J = 6.8 Hz, CH), 7.05–7.32 (18 H, 
m, aromatic protons and CH); MS (ESI+): m/z 497.4, (Ag(H,HLDipp—)+H+); Anal. Calcd for 
C54H74Ag2N4: C, 65.19; H, 7.50; N, 5.63. Found: C, 65.03; H, 7.52; N, 5.57.  
[AgI4(CN,HLDipp–)4(CH2Cl2)] (2). This compound was prepared in a similar manner 
described for the synthesis of [AgI2(H,HLDipp–)2](CH2Cl2)2 by using CN,HLDippH (41.6 mg, 0.1 
mmol) instead of H,HLDippH in a 84 % isolated yield. Single crystals suitable for X–ray 
crystallographic analysis were obtained by slow diffusion of methanol into a dichloromethane 
solution containing the complex. IR (KBr): 2170 (C≡N), 1595 cm–1 (C=N); 1H–NMR (CDCl3, 
400 MHz): δ 0.43 (24 H, br, CH3), 0.91 (24 H, br, CH3), 1.21 (24 H, br, CH3), 1.36 (24 H, br, 
CH3), 2.84 (8 H, br, CH), 3.59 (8 H, br, CH), 6.82–7.19 (24 H, m, aromatic protons), 7.27 (4 
H, s, CH), 7.31 (4 H, s, CH); HRMS (FAB+): m/z 1670.4941, calcd for C84H108Ag3N4 
1670.4931; Anal. Calcd for C112H144Ag4N12?CH2Cl2?2H2O: C, 61.39; H, 6.84; N, 7.60. Found: 
C, 61.10; H, 6.64; N, 7.48.  
{[AgI(NO2,HLDipp–)](CH2Cl2)}n (3). This compound was prepared as a yellow powder in a 
similar manner described for the synthesis of [AgI2(H,HLDipp–)2](CH2Cl2)2 by using NO2,HLDippH 
(43.6 mg, 0.1 mmol) instead of H,HLDippH in a 72 % isolated yield. Single crystals suitable for 
X–ray crystallographic analysis were obtained by slow diffusion of methanol into a 
dichloromethane solution containing the complex. IR (KBr): 1620 cm–1 (C=N), 1556, 1281, 
1240 cm–1 (NO2); 1H–NMR (CDCl3, 400 MHz): δ 1.12 (24 H, br, CH3), 3.08 (4 H, septet, J = 
6.8 Hz, CH), 6.96–7.10 (6 H, m, aromatic protons), 8.63 (2 H, br, CH); HRMS (FAB+): m/z 
542.1940, calcd for C27H37AgN3O2 542.1937; Anal. Calcd for C27H36AgN3O2?CH2Cl2: C, 
53.60; H, 6.10; N, 6.70. Found: C, 53.39; H, 5.93; N, 6.72. 
[CuI(NO2,HLDipp–)(MeCN)] (6). To a methanol solution (2 mL) containing NO2,HLDippH 
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(43.7 mg, 0.1 mmol) and [CuI(MeCN)4]PF6 (37.3 mg, 0.1 mmol) was added triethylamine 
(10.1 mg, 0.1 mmol), and the mixture was stirred for 12 h at room temperature in a glovebox 
([O2] < 1 ppm, [H2O] < 1 ppm). The resulting precipitates were collected by filtration and 
dried to give yellow powder in 56 %. Single crystals suitable for X–ray crystallographic 
analysis were obtained by recrystallization from an acetonitrile solution containing the 
complex at –40°C. IR (KBr): 1605 cm–1 (C=N) 1531, 1458, 1277 cm–1 (NO2); 1H–NMR 
(DMSO-d6, 400 MHz): δ 1.15 (12 H, d, J = 6.8 Hz, CH3), 1.22 (12 H, d, J = 6.8 Hz, CH3), 
2.08 (3 H, s, CH3), 3.24 (4 H, septet, J = 6.8 Hz, CH), 7.19 (6 H, m, aromatic protons), 8.61 (2 
H, s, CH); HRMS (FAB+): m/z 498.2185, calcd for C27H37CuN3O2 498.2282; Anal. Calcd for 
C29H39CuN4O2: C, 64.60; H, 7.29; N, 10.39. Found: C, 64.38; H, 7.33; N, 10.25. 
[{CuI(CN,HLPh–)}n] (7). Compound CN,HLPhH (24.7 mg, 0.1 mmol) in dichloromethane (1 
mL) was added into a methanol solution (1 mL) of [CuI(MeCN)4]PF6 (37.3 mg, 0.1 mmol), 
and the mixture was stirred for 12 h at room temperature. The resulting precipitates were 
collected by filtration and dried to give yellow powder in 95 %. IR (KBr): 2203 (C≡N), 1601 
cm–1 (C=N); Anal. Calcd for C12H12CuN3?1/6H2O: C, 61.43; H, 3.97; N, 13.43. Found: C, 
61.66; H, 3.85; N, 13.36. 
[{CuI(CN,HLMes–)}n] (8). This compound was prepared in a similar manner described for 
the synthesis of [{CuI(CN,HLPh–)}n] by using CN,HLMesH (33.1 mg, 0.1 mmol) instead of 
CN,HLPhH in a 83 % isolated yield. IR (KBr): 2189 (C≡N), 1647 cm–1 (C=N); HRMS (FAB+): 
m/z 394.1347, calcd for C22H25CuN3 394.1344; Anal. Calcd for C22H24CuN3: C, 67.07; H, 6.14; 
N, 10.67. Found: C, 66.89; H, 6.16; N, 10.57. 
[{CuI(CN,HLDep–)}n] (9). This compound was prepared in a similar manner described for 
the synthesis of [{CuI(CN,HLPh–)}n] by using CN,HLDepH (36.0 mg, 0.1 mmol) instead of 
CN,HLPhH in a 73 % isolated yield. Single crystals suitable for X–ray crystallographic analysis 
were obtained by slow diffusion at an interface between a methanol solution containing 
[CuI(MeCN)4]PF6 and a dichloromethane solution containing CN,HLDepH. IR (KBr): 2197 
(C≡N), 1647 cm–1 (C=N); HRMS (FAB+): m/z 422.1666, calcd for C24H29CuN3 422.1757; 
Anal. Calcd for C24H28CuN3: C, 68.30; H, 6.69; N, 9.96. Found: C, 68.49; H, 6.77; N, 9.96. 
[{CuI(CN,HLDipp–)}n] (10). This compound was prepared in a similar manner described for 
the synthesis of [{CuI(CN,HLPh–)}n] by using CN,HLDippH (41.6 mg, 0.1 mmol) instead of 
CN,HLPhH in a 66 % isolated yield. Single crystals suitable for X–ray crystallographic analysis 
were obtained by slow diffusion at an interface between a methanol solution containing 
[CuI(MeCN)4]PF6 and a dichloromethane solution containing CN,HLDippH. IR (KBr): 2193 
(C≡N), 1647 cm–1 (C=N); HRMS (FAB+): m/z 478.2283, calcd for C28H37CuN3 478.2283; 
Anal. Calcd for C28H36CuN3: C, 70.33; H, 7.59; N, 8.79. Found: C, 70.03; H, 7.66; N, 8.73. 
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[{CuI(CN,MeLDipp–)}n] (11). To a methanol solution (2 mL) containing CN,MeLDippH (44.4 mg, 
0.1 mmol) and [CuI(MeCN)4]PF6 (37.3 mg, 0.1 mmol) was added triethylamine (0.1 mmol), 
and the mixture was stirred for 24 h at room temperature in a glovebox ([O2] < 1 ppm, [H2O] 
< 1 ppm). The resulting precipitates were collected by filtration and dried to give yellow 
powder in 81 %. IR (KBr): 2181 (C≡N), 1560 cm–1 (C=N); Anal. Calcd for C30H40CuN3?
1/2CH3OH: C, 70.15; H, 8.11; N, 8.05. Found: C, 70.26; H, 7.98; N, 8.14. 
[{CuI(H,HLDipp–)}2] (12). This compound was prepared by applying the reported procedure 
as follows.23(a) In a inert atmosphere, n-BuLi (0.7 mL, 1.1 equiv., 1.58 mol/L in hexane) was 
added dropwise to a stirred solution of H,HLDippH (391 mg, 1.0 mmol) in THF (1 mL). The 
yellow solution was stirred for 30 min and added to a slurry of [CuI(MeCN)4]PF6 (373 mg, 1.0 
mmol) in THF (1 mL) and stirred for 5 min. The solvent was removed under vacuum and 
residue extracted with hexane (20 mL) and filtered. The volume was reduced and the resulting 
precipitates were collected by filtration and dried to give yellow powder in 89 %. Single 
crystals suitable for X–ray crystallographic analysis were obtained by slow diffusion of liquid 
methanol into a dichloromethane solution containing the complex. IR (KBr): 1605 cm–1 
(C=N); 1H–NMR (CDCl3, 400 MHz): δ 1.16 (24 H, d, J = 6.9 Hz, CH3), 1.19 (24 H, d, J = 6.9 
Hz, CH3), 3.45 (8 H, septet, J = 6.9 Hz, CH), 7.04-7.09 (12 H, m, aromatic protons), 7.11 (4 H, 
d, J = 11.2 Hz, CH) 7.91 (2 H, t, J = 11.2 Hz, CH); HRMS (FAB+): m/z 904.4499, calcd for 
C54H74Cu2N4 904.4506; Anal. Calcd for C54H74Cu2N4?C6H14?2H2O: C, 70.07; H, 9.02; N, 5.45. 
Found: C, , 70.34; H, 8.80; N, 5.43. 
[{CuI(Me,HLDipp–)}4] (13). This compound was prepared in a similar manner described for 
the synthesis of [{CuI(H,HLDipp–)}2] by using Me,HLDippH (40.4 mg, 0.1 mmol) instead of H,HLPhH 
in a 68 % isolated yield. Single crystals suitable for X–ray crystallographic analysis were 
obtained by slow diffusion of liquid methanol into a dichloromethane solution containing the 
complex. IR (KBr): 1593 cm–1 (C=N); 1H–NMR (CDCl3, 400 MHz): δ 0.29 (6 H, d, J = 7.2 
Hz, CH3), 0.83 (6 H, d, J = 6.8 Hz, CH3), 1.24 (6 H, d, J = 7.2 Hz, CH3), 1.35 (6 H, d, J = 6.8 
Hz, CH3), 2.85 (2 H, septet, J = 6.8 Hz, CH), 3.09 (3 H, s, CH3), 3.57 (2 H, septet, J = 7.2 Hz, 
CH), 6.83 (2 H, d, J = 7.6 Hz, aromatic protons), 6.89 (2 H, s, CH), 6.99 (2 H, t, J = 7.6 Hz, 
aromatic protons), 7.06 (2 H, d, J = 7.6 Hz, aromatic protons); HRMS (FAB+): m/z 1864.9629, 
calcd for C112H156Cu4N8 1864.9637; Anal. Calcd for C112H156Cu4N8?H2O: C, 71.30; H, 8.44; N, 
5.94. Found: C, 71.39; H, 8.48; N, 5.93.  
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Chapter 3. Substituent Effects of β-Diketiminate Ligands on the Structure 
and Physicochemical Properties of the Copper(II) Complexes  
 
Introduction 
It is important to investigate the electronic and the steric effect of ligands on the structre 
and phoisicochemical properties of metal complexes, because those insights are necessary to 
do fing-tuning of the structure and reactivity has been done on the basis of those insight. 
However, systematic studies on the substituent effects both of the ligand framework and of 
the N-aryl group have yet to be reported in β-diketiminate chemistry. Thus, in order to get 
insight into those factors in detail, the author has focous on the β-diketiminatecopper(II) 
complexes, which are esay to handle and able to explore by using a variety of measurement 
such as ultraviolet-visible (UV-vis) spectroscopy, electro spin resonance (ESR), cyclic 
voltammetry (CV), and X-ray diffraction analysis. In addition, copper complexes have been 
appeared from the first stage in the histry of β-diketiminate chemistry1 and there have been 
more information than other metal complexes.  
In chapter 1 and 2, the author has successfully synthesized a series of β-diketiminate 
ligands (R1 = Me, H, CN, and NO2; R3 = Ph (phenyl), Mes (mesityl), Dep (2,6-diethylphenyl), 
Dipp (2,6-diisopropylphenyl), Dtbp (2,6-di-tert-butylphenyl), Chart 2-1) and their coinage 
metal complexes and revealed their unique structures. In this chapter, substituent effects of 
β-diketiminate ligands on the structure and physicochemical properties of the copper(II) 
complexes have been systematically investigated by using a series of β-diketiminate ligands. 
(Chart 3–1) 
 
Chart 3–1 
 
 
 
 
 
 
 
 
 
 
 
R1,R2LR3H R1 R3
CN,HLPhH CN Phenyl
NO2,HLPhH NO2 Phenyl
NO2,HLDtbpH NO2 Mesityl
CN,HLMesH CN 3,5-Di-t-buthylphenyl
CN,HLDepH CN 2,6-Diethylphenyl
MesitylNO2,HLMesH NO2
H,HLPhH H Phenyl
Me,HLPhH Me Phenyl
2,6-DiisopropylphenylCN,HLDippH CN
R2
H
H
H
H
H
H
H
H
H
2,6-DiisopropylphenylNO2,HLDippH NO2 H
2,6-DiisopropylphenylH,MeLDippH H Me
N HN
Ar Ar
R2
R1
R2
R1,R2LR3H
α
ββ
2,6-DiisopropylphenylMe,HLDippH Me H
2,6-DiisopropylphenylCN,MeLDippH CN Me
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Results and Discussion 
Bis(β–diketiminato)copper(II) Complexes. Treatment of CuII(OAc)2 with the neutral 
ligands carrying phenyl (Ph) or 3,5-di-tert-butylphenyl (Dtbp) groups as the aromatic 
substituent (Me,HLPhH, H,HLPhH, CN,HLPhH, NO2,HLPhH, and NO2,HLDtbpH) in methanol gave the 
corresponding bis(β-diketiminato)copper(II) complexes, the crystal structures of which, 
except the complex of Me,HLPhH, have been determined by X–ray crystallographic analysis as 
shown in Figure 3–1. The crystallographic data and selected bond lengths and angles as well 
as torsion angles of the two coordination planes defined by N–Cu–N are given in Tables 3–1 
and 3–2. Although a number of bis(β–diketiminato)copper(II) complexes have so far been 
reported,8– 7  there is only one precedent of the X–ray structure of 
bis(β–diketiminato)copper(II) complex, which is supported by CHO,HLDmp– [R1 = CHO; R3 = 
Dmp (3,5-dimethylphenyl)].17 
 
Figure 3–1. ORTEP drawings of (a) [CuII(H,HLPh–)2] (14), (b) [CuII(CN,HLPh–)2] (15), (c) 
[CuII(NO2,HLPh–)2] (16), and (d) [CuII(NO2,HLDtbp–)2] (17) with 50% probability thermal–ellipsoids. 
Hydrogen atoms are omitted for clarity. 
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The copper(II) complexes exhibit distorted tetrahedral geometries, where the dihedral 
angles between the two coordination planes are 63.68 °, 62.48 °, 62.03 °, and  61.39 ° and 
the mean values of Cu–N bond length are 1.951, 1.959, 1.952, and 1.966 Å for [CuII(H.HLPh–)2] 
(14), [CuII(CN.HLPh–)2] (15), [CuII(NO2.HLPh–)2] (16), and [CuII(NO2.HLDtbp–)2] (17), respectively, 
(Table 3–4). These structural parameters are nearly the same to those of the 
bis(β-diketiminato)copper(II) complex supported by CHO,HLDmp– [dihedral angle = 62.4 °; 
Cu–Nav = 1.952 Å].17 Thus, the electronic nature of substituent R1 and the meta-substituents of 
the N–aromatic groups (Me in CHO,HLDmp– and t-Bu in NO2.HLDtbp–) hardly affect the core 
structure of the bis(β–diketiminato)copper(II) complexes.  
Spectral data of the bis(β–diketiminato)copper(II) complexes are summarized in Table 
3–3. The complexes exhibit ESR spectra having g// = 2.182 ~ 2.214, g⊥ = 2.054 ~ 2.056, and 
A// = 125 ~ 132 G. These ESR parameters are also nearly the same to those of the 
bis(β–diketiminato)copper(II) complexes so far reported.13,15 The smaller A// values, as 
compared to that of square planar copper(II) complexes, is the characteristics of tetrahedrally 
distorted bis(β–diketiminato)copper(II) complexes.13,15 Thus, the similarity in the A// value 
clearly indicates that the structures of the copper(II) complexes in solution are also very close 
each other as in the case of the crystal structures (Figure 3–1).8 In such a case, the 
differences in g// values could mainly be attributed to the electronic effects of the ligand 
substituents. As can be seen in Table 3–3, the g// values increase as the electron–withdrawing 
nature of R1 increases in the series of [CuII(R1,HLPh–)2] (R1 = Me, H, CN, and NO2, R3 = Ph), 
although the g⊥ values are rather constant (2.054 ~ 2.056). Thus, it can be said that the g// 
values are correlated to the electron–donor ability of the β–diketiminate ligands, where the 
more electron–donor ability of the ligand, the smaller the g// value of copper(II) ion.9  
The electronic spectrum is also sensitive to the electron-donor ability of the ligands (Table 
3–3). Although complete assignments of the absorption bands have yet to be accomplished, 
the following peak assignments are possible.19 The strong absorption bands (ε > 104 M–1 cm–1) 
below 500 nm could be attributed to π–π* transitions of the β–diketiminate ligands, since 
similar absorption bands also exist in the zinc(II) complexes supported by the same ligands.10 
Then, the reasonably intense bands in the visible region could be assigned to n-π* transitions 
of the ligands as well as ligand–to–metal charge transfer transitions (LMCT) of the copper(II) 
complex, those of which may overlap with the d-d bands of copper(II) as discussed below. It 
has been documented that the tetrahedrally distorted copper(II) complexes exhibit three d–d 
bands due to the dz2 → dxy, dx2-y2 → dxy, and dxz, dyz → dxy transitions.11 According to the 
previous report by Nishida et al.,15 the small dz2 → dxy and dx2-y2 → dxy bands become obscure 
due to overlap with the relatively intense LMCT bands around 650 ~ 750 nm (ε ~ 103 M–1 
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cm–1, Table 3–3). Thus, only the dxz, dyz → dxy transition bands in the near IR region can be 
evaluated.15 Apparently, the d-d absorption bands in the near IR region shift toward shorter 
wavelength (blue-shift) as the electron-withdrawing nature of R1 increases in the series of 
[CuII(R1,HLPh–)2] (R1 = Me, H, CN, and NO2, R3 = Ph). On the other hand, this band shifts 
toward longer wavelength (red–shift), when the R3 substituent (Ph) is replaced by the more 
electron–donating substituent Dtbp ([CuII(NO2,HLPh–)2] vs. [CuII(NO2,HLDtbp–)2], Table 3–3). Since 
the coordination geometry of the copper(II) center is nearly the same among the 
bis(β–diketiminato)complexes as demonstrated by the ESR (Table 3–3) and the X–ray 
crystallographic analysis (Table 3–2), the shifts of the d–d band can be mainly attributed to 
the electronic effects of R1 and R3. We assume that a π back-donation from the β–diketiminate 
ligand through a d–π interaction causes an increase of the energy level of dxz and dyz orbitals, 
which on the other hand decreases the transition energy of dxz, dyz → dxy. Thus, the ligands 
with the electron-withdrawing substituents such as CN,HLPh– and NO2,HLPh– cause the blue-shift 
of the d–d bands as compared to the corresponding ligands with the electron-donating 
substituent such as Me,HLPh– and H,HLPh–.19 The red-shift of the d-d band in [CuII(NO2,HLDtbp–)2] 
(17) (1305 nm) as compared to that of [CuII(NO2,HLPh–)2] (16) (1200 nm) can be attributed to 
the increasing electron–donating ability of Dtbp as compared to that of Ph.19 
In Figure 3–2 is shown the cyclic voltammograms of [CuII(Me,HLPh–)2] (13), 
[CuII(H,HLPh–)2] (14), [CuII(CN,HLPh–)2] (15), and [CuII(NO2,HLPh–)2] (16) in THF. Complexes 
[CuII(Me,HLPh–)2] (13) and [CuII(H,HLPh–)2] (14) gave irreversible reduction peak at significantly 
negative positions at –1.62 and –1.46 V vs Fc/Fc+, respectively [(a) and (b) in Figure 3–2], 
while [CuII(CN,HLPh–)2] (15) and [CuII(NO2,HLPh–)2] (16) exhibited reversible redox couples at 
–0.97 and –0.68 V vs Fc/Fc+, respectively [(c) and (d) in Figure 3–2]. Complex 
[CuII(NO2,HLDtbp–)2] (17) also provide a reversible redox couple at –0.71 V, which is a little 
negative as compared to that of [CuII(NO2,HLPh–)2] (16) (not shown in Figure 3–2). Apparently, 
the reduction potentials as well as reversibility of the redox processes are significantly 
affected by the ligand substituent R1. The positive shift of the reduction potential on going 
from [CuII(Me,HLPh–)2] (13) to [CuII(NO2,HLPh–)2] (16) can be attributed to the increase of 
electron-withdrawing ability of R1. The slight negative shift of E1/2 of [CuII(NO2,HLDtbp–)2] (17) 
as compared to that of [CuII(NO2,HLPh–)2] (16), on the other hand, is due to the increasing 
electron-donor ability of the aromatic substituent Dtbp as discussed above. Irreversibility 
observed in the redox process of [CuII(Me,HLPh–)2] (13) and [CuII(H,HLPh–)2] (14) indicates that 
the copper(I) state of the bis(β–diketiminato) complex is unstable with such ligands. 
Instability of these copper(I) complexes could be attributed to the strong electron–donating 
nature of Me,HLPh– and H,HLPh–. On the contrary, less electron-donating ligands having the 
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electron-withdrawing substituents, CN,HLPh–, NO2,HLPh–, and NO2,HLDtbp–, can support the 
one–electron reduced species [CuI(β–diketiminato)2]–, providing reversible redox couples. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3–2. Cyclic voltammograms of (a) [CuII(Me,HLPh—)2] (13), (b) [CuII(H,HLPh—)2] 
(14), (c) [CuII(CN,HLPh—)2] (15), and (d) [CuII(NO2,HLPh—)2] (16) (1.0 x 10–3 M) in THF 
containing 0.1 M TBAP; working electrode Pt, counter electrode Pt, pseudo-reference 
electrode Ag, scan rate 0.1 V s–1. 
 
E (V) vs. Fc/Fc+
–1 –0.5–2.0 –1.5
–0.61
2 µA
E1/2 = –0.97 V
E1/2 = –0.68 V
–1.46
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–1.07
–0.74
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2 µA
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(a)
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The electrochemical behavior of the distorted tetrahedral copper(II) complexes is worth 
noting in relation to the ubiquitous type–1 copper biological electron-transfer sites, which 
also possess significantly distorted tetrahedral cupric centers.12 In general, four coordinate 
copper(II) complexes favor the square planar geometry, while the copper(I) complex is 
stabilized when it takes a tetrahedral geometry. In fact, the tetrahedral copper complexes 
supported by a series of 2,9-disubstituted 1,10-phenanthroline derivatives have very positive 
redox potentials around 0.84 ~ 1.03 V vs SCE, 0.36 ~ 0.55 V vs Fc/Fc+ in CH2Cl2.13,14 In the 
present β-diketiminate ligand systems, the bulky aromatic N-substituent also reinforces the 
copper(II) complexes to exhibit the distorted tetrahedral geometry (Figure 3–1), which may 
cause positive shift of the reduction potential as in the case of the former complexes.23,24 
However, due to the negative charge of the β-diketiminate ligands, the redox potentials of the 
bis(β-diketiminato)copper(II) complexes are significantly negative even though they possess 
nearly the tetrahedral geometry. Nonetheless, the β-diketiminate ligands with the 
electron-withdrawing substituents, CN,HLPh–, NO2,HLPh–, and NO2,HLDtbp–, can accommodate the 
copper(I) state, providing the reversible redox couple of copper(II)/copper(I). Thus, these 
complexes can be used as functional models of blue copper proteins. 
 
Steric Effects of ortho-Substituents of N-Aromatic Groups (R3). In contrast to the 
former complexes supported by the ligands with R3 = Ph or Dtbp, the reaction of CN,HLMesH or 
CN,HLDepH with CuII(OAc)2 gave a di(µ-hydroxo)dicopper(II) complex as shown in Figure 3–3 
[(a) and (b)]. A similar di(µ-hydroxo)dicopper(II) complex was also obtained, when 
NO2,HLMesH was treated with CuII(OAc)2 under the same experimental conditions. The crystal 
structure of the di(µ-hydroxo)dicopper(II) complex supported by NO2,HLMes– was reported in 
the previous paper.3e In these cases, each copper ion exhibits a square planar geometry 
consisted of a N2O2 donor set, which is provided from the didentate ligands and the bridging 
OH groups. All the di(µ-hydroxo)dicopper(II) complexes were ESR silent due to a strong 
magnetic interaction between the two cupric ions through the µ-hydroxo bridges. Since the 
Cu–O–Cu angle of the complex is 102 ~ 105 ° (see Table 3–4), the magnetic interaction may 
be antiferromagnetic. Crawford and coworkers have established the linear correlation 
between the Cu–O–Cu angle (θ) of a series of di(µ–hydroxo)dicopper(II) complexes and their 
singlet-triplet exchange parameter J as 2J = –74.53θ + 7270 cm–1.15 From this correlation, it 
was concluded that when θ is larger than 97.55°, the overall magnetic behavior is 
antiferromagnetic. Such a large Cu–O–Cu angle in the di(µ-hydroxo)dicopper(II) complexes 
supported by the β–diketiminate ligands may be due to the steric repulsion between the 
N-aromatic groups. The complexes [CuII2(CN,HLMes–)2(µ–OH)2] (18) and 
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[CuII2(CN,HLDep–)2(µ–OH)2] (19) also exhibit a strong ligand based π–π* band at 345 nm (ε = 
33100 M–1 cm–1) and 340 (32900), respectively, together with a LMCT band at ~440 (3900) 
and n–π* at ~540 (300 ~ 500). The d–d bands of these complexes ~800 nm are significantly 
weak and broadened. The di(µ-hydroxo)dicopper(II) complexes gave two irreversible 
reduction peaks at siginificantly negative positions; –2.10 and –2.85 V vs Fc/Fc+ for 
[CuII2(CN,HLMes–)2(µ–OH)2] (18) and –2.05 and –2.81 V vs Fc/Fc+ for [CuII2(CN,HLDep–)2(µ–OH)2] 
(19). The irreversibility in the electrochemical measurements clearly indicates that the 
reduction of the dinuclear copper(II) complex induces degradation of the 
di(µ-hydroxo)dicopper core.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3–3. ORTEP drawings of (a) [CuII2(CN,HLMes—)2(µ–OH)2] (18) and (b) 
[CuII2(CN,HLDep—)2(µ–OH)2] (19) with 50% probability thermal-ellipsoids. Hydrogen atoms 
except the one at the hydroxy group [H(49) and H(50) of (a), H(29) and H(29)* of (b)] are 
omitted for clarity. 
 
 
The steric effect of the ortho-substituents of R3 is more prominent in the case of 
R1,R2LDippH. In this case, mononuclear copper(II) complex supported one β–diketiminate 
ligand R1,R2LDipp– and one didentate acetate ion. The crystal structures of 
[CuII(CN,HLDipp–)(OAc)] (21), [CuII(NO2,HLDipp–)(OAc)(CH3OH)] (22) and 
[CuII(CN,MeLDipp–)(OAc)] (24) are presented in Figure 3–4 together with the crystallographic 
data and the selected bond lengths and angles presented in Tables 3–1, 3–4 and 3–5 
respectively. The copper(II) center of [CuII(NO2,HLDipp–)(OAc)(CH3OH)] (22) exhibits a 
five–coordinate square pyramidal geometry consisting of the two nitrogen atoms N(1) and 
(b) (a) 
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N(2) of the β-diketiminate ligand and the two oxygen atoms O(3) and O(4) of the didentate 
acetate ligand in the basal plane and another oxygen atom O(5) of the coordinated methanol 
molecule at the axial position (Figure 3–4b). Complex [CuII(CN,MeLDipp–)(OAc)] (24), on the 
other hand, exhibits a four-coordinate square planar geometry with a N2O2 donor set 
consisting of the two nitrogen atoms N(1) and N(2) of the ligand and the two oxygen atoms 
O(1) and O(2) of the bidentate acetate ion (Figure 3–4c). In this case, no methanol molecule 
was involved in the complex. Comparison of the crystal structure of [CuII(CN,MeLDipp–)(OAc)] 
(24) with those of [CuII(CN,HLDipp–)(OAc)] (21) and [CuII(NO2,HLDipp–)(OAc)(CH3OH)] (22) gave 
us some important insights into the steric effects of the β-methyl substituent of the ligands. 
Thus, the selected bond lengths and angles of the reported complex [CuII(CN,HLDipp–)(OAc)] 
(21) are also involved in Table 3–5. Apparently, the bond angles of Caryl–N–Cβ of 
[CuII(CN,MeLDipp–)(OAc)] (24)  (~120°) are larger than those of 
[CuII(NO2,HLDipp–)(OAc)(CH3OH)] (22) (115~116°) and of [CuII(CN,HLDipp–)(OAc)] (21) (~117°), 
which may be due to the steric repulsion between the β-methyl substituent (R2 = Me) and the 
isopropyl groups of Dipp (2,6-diisopropylphenyl) in [CuII(CN,MeLDipp–)(OAc)] (24) as 
previously suggested in the β-diketiminatocopper(I) complex system.16 This, on the other 
hand, induces a decrease of the bond lengths of Cu–N in [CuII(CN,MeLDipp–)(OAc)] (24) (1.905 
and 1.914 Å) as compared to those of [CuII(NO2,HLDipp–)(OAc)(CH3OH)] (22) (1.951 and 1.956 
Å) and [CuII(CN,HLDipp–)(OAc)] (21) (1.944 Å). Such a steric effect of the β–alkyl substituent 
of the ligands induces a large effect on the reactivity of the copper complexes not only in the 
copper(I)/O2 reaction17 but also in the copper(II)/H2O2 reaction as demonstrated in the 
Chapter 4. It should be also noted that the copper(II) complex supported by the nitro-ligand 
NO2,HLDipp– has a coordinated methanol at the axial position as shown in Figure 3–4b 
[Cu(1)–O(5) = 2.37 Å], whereas the other copper(II) complexes [CuII(CN,HLDipp–)(OAc)] (21), 
[CuII(Me,HLDipp–)(OAc)] (23), [CuII(CN,MeLDipp–)(OAc)] (24), and [CuII(H,MeLDipp–)(OAc)] (25) do 
not involve such a coordinated methanol even though their recrystallization was carried out in 
methanol (see Experimental section). The stronger binding of methanol in 
[CuII(NO2,HLDipp–)(OAc)(CH3OH)] (22) can be attributed to the stronger Lewis acidity of the 
metal center of the complex due to a higher electron–withdrawing nature of the NO2 group in 
NO2,HLDipp–. Such a difference in Lewis acidity of the metal center may also affect the reactivity 
of the copper(II) complex toward H2O2 (vide infra). 
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Figure 3–4. ORTEP drawing of (a) [CuII(CN,HLDipp–)(OAc)] (21) and (b) 
[CuII(NO2,HLDipp–)(OAc)(CH3OH)] (22) and (c) [CuII(CN,MeLDipp–)(OAc)] (24) with 50% 
probability thermal-ellipsoids. Hydrogen atoms except for H(40) of (b) are omitted for 
simplicity. 
 
 
Summary  
Mononuclear and dinuclear copper(II) complexes supported by a series of β-diketiminate 
ligands have been synthesized and their structures and physicochemical properties have been 
investigated systematically. The metal centers of these complexes are all enforced to have 
four-coordinate structures but their coordination geometry are significantly altered, providing 
the distorted tetrahedral copper(II), planar di(µ–hydroxo)dicopper(II), and distorted square 
planar copper(II) complexes, depending on the N–aromatic substituents of the β–diketiminate 
ligands. The copper(II) complexes supported by Me,HLPh–, H,H LPh–, CN,H LPh–, NO2,H LPh–, and 
NO2,HLDtbp– possess essentially the same distorted tetrahedral structure, but different 
spectroscopic and electrochemical features. Thus, these complexes provide an excellent 
opportunity to examine the electronic effects of the ligands on the redox functions of the 
(b) (a) 
(c) 
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distorted tetrahedral copper(II) complexes, affording important information about the 
structure-function relationships of the type–1 copper site in blue copper proteins. 
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Table 3–1. Summary of X-ray Crystallographic Data of [CuII(H,HLPh–)2] (14), [CuII(CN,HLPh–)2] 
(15), [CuII(NO2,HLPh–)2] (16), [CuII(NO2,HLDtbp–)2] (17), [CuII2(CN,HLMes–)2(µ–OH)2] (18), 
[CuII2(CN,HLDep–)2(µ–OH)2] (19), [CuII(CN,HLDipp–)(AcO)] (21), [CuII(NO2,HLDipp–)(OAc)(CH3OH)] 
(22) and [CuII(CN,MeLDipp–)(OAc)] (24) 
 
              [CuII(H,HLPh–)2] (14)  [CuII(CN,HLPh–)2] (15)  [CuII(NO2,HLPh–)2] (16)  
 
empirical formula C30H26CuN4 C32H24CuN6 C30H24CuN6O4 
formula weight 506.11 556.13 596.10 
crystal system orthorhombic monoclinic monoclinic 
space group Aba2 (#41) C2/c (#15)  C2/c (#15) 
a, Å 14.19(2) 7.2391(3)  7.64143(4) 
b, Å 7.087(8) 23.0260(9)  23.016(2) 
c, Å 23.76(4) 15.5591(8)  14.995(1) 
α, deg   
β, deg   97.720(4)  102.931(3)  
γ, deg    
V, Å3 2388.9(5) 2570.0(2)  2561.2(3) 
Z 4 4 4 
F(000)  1052.00 1148.00 1228.00 
Dcalc, g/cm3 1.407 1.437 1.546 
T, ˚C –115 –115 –115 
crystal size, mm 0.10 x 0.15 x 0.15 0.10 x 0.10 x 0.30 0.10 x 0.10 x 0.20 
µ (MoKα), cm–1 9.41 8.84 9.04 
radiation MoKα (0.71069 Å) MoKα (0.71069 Å)  MoKα (0.71069 Å 
2θmax, deg 54.8 54.9 55.0 
no. of reflns measd 11440 11271 11885 
no. of reflns obsd 1119 [I > 1.00σ(I)] 2208 [I > 3.00σ(I)]  2443 [I > 3.00σ(I)] 
no. of variables 173 190 199 
Ra; Rwb 0.024; 0.048 0.031; 0.060 0.030; 0.042 
goodness of fit indicator 1.03 1.18 1.04 
 
a R = Σ ||Fo| - |Fc|| / Σ |Fo|, b Rw = [ Σ w (|Fo| - |Fc|)
2 / Σ w Fo
2]1/2 
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Table 3–1. Summary of X-ray Crystallographic Data of [CuII(H,HLPh–)2] (14), [CuII(CN,HLPh–)2] 
(15), [CuII(NO2,HLPh–)2] (16), [CuII(NO2,HLDtbp–)2] (17), [CuII2(CN,HLMes–)2(µ–OH)2] (18), 
[CuII2(CN,HLDep–)2(µ–OH)2] (19), [CuII(CN,HLDipp–)(AcO)] (21), [CuII(NO2,HLDipp–)(OAc)(CH3OH)] 
(22) and [CuII(CN,MeLDipp–)(OAc)] (24) (continued) 
 
                                     [CuII(NO2,HLDtbp–)2] (17)   [CuII2(CN,HLMes–)2(µ–OH)2] (18) 
 
empirical formula C62H88CuN6O4 C44H50Cu2N6O2 
formula weight 1044.96 822.01 
crystal system monoclinic monoclinic 
space group P21/c (#14) P21/n (#14) 
a, Å 15.8197(5) 15.564(2) 
b, Å 19.2852(6) 14.764(2) 
c, Å 20.0849(5) 17.723(3) 
α, deg     
β, deg 98.766(2) 94.324(6) 
γ, deg     
V, Å3 6056.1(3) 4060.8(1) 
Z 4 4 
F(000)  2252.00 1720.00 
Dcalc, g/cm3 1.146 1.344 
T, ˚C –115 –115 
crystal size, mm 0.20 x 0.20 x 0.20 0.30 x 0.30 x 0.30 
µ (MoKα), cm–1 4.09 10.91 
radiation MoKα (0.71069 Å) MoKα (0.71069 Å) 
2θmax, deg 55.0 55.0 
no. of reflns measd 25017 37161 
no. of reflns obsd 8845 [I > 1.00σ(I)] 6019 [I > 3.00σ(I)]  
no. of variables 747 538 
Ra; Rwb 0.059; 0.065 0.037; 0.039 
goodness of fit indicator 1.03 0.98 
 
a R = Σ ||Fo| - |Fc|| / Σ |Fo|, b Rw = [ Σ w (|Fo| - |Fc|)
2 / Σ w Fo
2]1/2 
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Table 3–1. Summary of X-ray Crystallographic Data of [CuII(H,HLPh–)2] (14), [CuII(CN,HLPh–)2] 
(15), [CuII(NO2,HLPh–)2] (16), [CuII(NO2,HLDtbp–)2] (17), [CuII2(CN,HLMes–)2(µ–OH)2] (18), 
[CuII2(CN,HLDep–)2(µ–OH)2] (19), [CuII(CN,HLDipp–)(AcO)] (21), [CuII(NO2,HLDipp–)(OAc)(CH3OH)] 
(22) and [CuII(CN,MeLDipp–)(OAc)] (24) (continued) 
 
                                 [CuII2(CN,HLDep–)2(µ–OH)2] (19)  [CuII(CN,HLDipp–)(OAc)] (21) 
 
empirical formula C48H58Cu2N6O2 C30H39CuN3O2 
formula weight 878.12 537.20 
crystal system triclinic orthorhombic 
space group P–1 (#2) Pnma (#62) 
a, Å 9.465(1) 12.435(2) 
b, Å 11.151(2) 21.398(4) 
c, Å 11.601(1) 10.729(2) 
α, deg 67.824(4)   
β, deg 83.156(3)   
γ, deg 74.441(7)   
V, Å3 1092.0(2) 2854.8(9) 
Z 1 4 
F(000)  462.00 1140.00 
Dcalc, g/cm3 1.335 1.250 
T, ˚C –115 –115 
crystal size, mm 0.20 x 0.20 x 0.30 0.20 x 0.20 x 0.30 
µ (MoKα), cm–1 10.19 7.95 
radiation MoKα (0.71069 Å) MoKα (0.71069 Å) 
2θmax, deg 55.0 55.0 
no. of reflns measd 10416 27321 
no. of reflns obsd 4180 [I > 3.00σ(I)] 2027 [I > 3.00σ(I)] 
no. of variables 292 194 
Ra; Rwb 0.030; 0.034 0.024; 0.036 
goodness of fit indicator 0.95 1.03 
 
a R = Σ ||Fo| - |Fc|| / Σ |Fo|, b Rw = [ Σ w (|Fo| - |Fc|)
2 / Σ w Fo
2]1/2 
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Table 3–1. Summary of X-ray Crystallographic Data of [CuII(H,HLPh–)2] (14), [CuII(CN,HLPh–)2] 
(15), [CuII(NO2,HLPh–)2] (16), [CuII(NO2,HLDtbp–)2] (17), [CuII2(CN,HLMes–)2(µ–OH)2] (18), 
[CuII2(CN,HLDep–)2(µ–OH)2] (19), [CuII(CN,HLDipp–)(AcO)] (21), [CuII(NO2,HLDipp–)(OAc)(CH3OH)] 
(22) and [CuII(CN,MeLDipp–)(OAc)] (24) (continued) 
 
 [CuII(NO2,HLDipp–)(OAc)(CH3OH)] (22) [CuII(CN,MeLDipp–)(OAc)] (24) 
 
empirical formula C30H43CuN3O5 C32H43CuN3O2 
formula weight 589.23 565.26 
crystal system triclinic  monoclinic 
space group P-1 (#2) P21/n (#14) 
a, Å 9.1922(13) 9.248(8) 
b, Å 9.4553(13) 18.177(12) 
c, Å 18.065(2) 18.082(11) 
α, deg 94.185(7)  
β, deg 92.015(8) 99.25(3) 
γ, deg 107.659(8)  
V, Å3 1489.4(3) 3000.0(37) 
Z 2 4 
F(000)  626.00 1204.00 
Dcalc, g/cm3 1.314 1.251 
T, ˚C –115 –115 
crystal size, mm 0.30 x 0.40 x 0.50 0.20 x 0.20 x 0.20 
µ (MoKα), cm–1 7.752 7.598 
radiation MoKα (0.71075 Å) MoKα (0.71075 Å) 
2θmax, deg 55.0 55.0 
no. of reflns measd 2157 26623 
no. of reflns obsd 4415 [I > 3.00σ(I)] 3593 [I > 2.00σ(I)] 
no. of variables 396 386 
Ra; Rwb 0.039; 0.044 0.054; 0.057 
goodness of fit indicator 1.03 1.01 
 
a R = Σ ||Fo| - |Fc|| / Σ |Fo|, b Rw = [Σ w (|Fo| - |Fc|)
2 / Σ w Fo
2]1/2 
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Table 3–2. Selected Bond Lengths (Å), Angles (deg), and Angles of Least Square Planes 
(deg) of [CuII(H,HLPh–)2] (14), [CuII(CN,HLPh–)2] (15), [CuII(NO2,HLPh–)2] (16), and 
[CuII(NO2,HLDtbp–)2] (17)a 
 
    [CuII(H,HLPh–)2] (14)         [CuII(CN,HLPh–)2] (15)         [CuII(NO2,HLPh–)2]  (16)  
 
 Cu(1)-N(1) 1.971(4) Cu(1)-N(1) 1.954(3)  Cu(1)-N(1) 1.944(2) 
 Cu(1)-N(2) 1.931(4) Cu(1)-N(2) 1.964(3)  Cu(1)-N(2) 1.959(2) 
 N(1)-C(2) 1.321(5) N(1)-C(2) 1.310(5)  N(1)-C(2) 1.308(3) 
 N(1)-C(4) 1.415(5) N(1)-C(5) 1.431(5)  N(1)-C(4) 1.424(3) 
 N(2)-C(3) 1.318(5) N(2)-C(3) 1.306(4)  N(2)-C(3) 1.306(3) 
 N(2)-C(10) 1.415(6) N(2)-C(11) 1.427(5) N(2)-C(10) 1.427(3) 
 C(1)-C(2) 1.410(6) C(1)-C(2) 1.406(5)  C(1)-C(2)  1.396(3) 
 C(1)-C(3) 1.379(6) C(1)-C(3) 1.407(5)  C(1)-C(3) 1.412(3) 
 
 N(1)-Cu(1)-N(2) 96.1(2) N(1)-Cu(1)-N(2)* 95.40(12) N(1)-Cu(1)-N(2) 96.20(7) 
 Cu(1)-N(1)-C(2) 122.3(3) Cu(1)-N(1)-C(2) 123.3(3)  Cu(1)-N(1)-C(2) 123.3(2) 
 Cu(1)-N(1)-C(4) 118.0(2) Cu(1)-N(1)-C(5) 118.9(2)  Cu(1)-N(1)-C(4) 118.8(1) 
 C(2)-N(1)-C(4) 119.5(3) C(2)-N(1)-C(5) 117.8(3)  C(2)-N(1)-C(4) 117.8(2) 
 Cu(1)-N(2)-C(3) 123.5(3) Cu(1)-N(2)*-C(3) 124.3(3) Cu(1)-N(2)-C(3) 123.8(2) 
 Cu(1)-N(2)-C(10) 117.5(3) Cu(1)-N(2)-C(11) 116.9(2) Cu(1)-N(2)-C(10) 117.2(1) 
 C(3)-N(2)-C(10) 118.8(3) C(3)*-N(2)-C(11) 118.4(3) C(3)-N(2)-C(10) 118.8(2) 
 C(2)-C(1)-C(3) 126.7(3) C(2)-C(1)-C(3) 126.4(3)  C(2)-C(1)-C(3) 128.3(2) 
 N(1)-C(2)-C(1) 125.3(4) N(1)-C(2)-C(1) 126.0(3) N(1)-C(2)-C(1) 124.7(2) 
 N(2)-C(3)-C(1) 125.9(3) N(2)*-C(3)-C(1) 124.6(3) N(2)-C(3)-C(1) 123.5(2) 
 
plane 1–plane 2 63.68 ˚ plane 1–plane 2 62.48 ˚  plane 1–plane 2 62.03 ˚ 
 
a Estimated standard deviations are given in parentheses. 
 Definition of the least square planes; 
 For [CuII(H,HLPh–)2]: For [CuII(CN,HLPh–)2]:  For [CuII(NO2,HLPh–)2]: 
 plane 1: N(1)-Cu(1)-N(2) plane 1: N(1)-Cu(1)-N(2)*  plane 1: N(1)-Cu(1)-N(2) 
 plane 2: N(1)*-Cu(1)-N(2)* plane 2: N(1)*-Cu(1)-N(2)  plane 2: N(1)*-Cu(1)-N(2)* 
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Table 3–2. Selected Bond Lengths (Å), Angles (deg), and Angles of Least Square Planes 
(deg) of [CuII(H,HLPh–)2] (14), [CuII(CN,HLPh–)2] (15), [CuII(NO2,HLPh–)2] (16), and 
[CuII(NO2,HLDtbp–)2] (17) (continued)a 
[CuII(NO2,HLDtbp–)2] (17)
 
Cu(1)-N(1) 1.975(3) Cu(1)-N(2) 1.946(3)  
Cu(1)-N(4) 1.957(3) Cu(1)-N(5) 1.974(3) 
N(1)-C(2) 1.310(5) N(2)-C(3) 1.305(5) 
N(1)-C(4) 1.440(4) N(2)-C(18) 1.445(4) 
C(1)-C(2) 1.402(5) C(1)-C(3) 1.418(5) 
N(1)-Cu(1)-N(2) 94.2(1) N(1)-Cu(1)-N(4) 103.4(1)  
N(2)-Cu(1)-N(4) 136.7(1) N(1)-Cu(1)-N(5) 135.5(1) 
N(2)-Cu(1)-N(5) 100.7(1) N(4)-Cu(1)-N(5) 93.9(1) 
Cu(1)-N(1)-C(2) 124.1(2) Cu(1)-N(1)-C(4) 119.7(2) 
C(2)-N(1)-C(4) 116.1(3) Cu(1)-N(2)-C(3) 126.3(3) 
Cu(1)-N(2)-C(18) 118.2(3) C(3)-N(2)-C(18) 115.1(3) 
Cu(1)-N(4)-C(33) 124.7(2) Cu(1)-N(4)-C(35) 119.4(2) 
C(33)-N(4)-C(35) 115.9(3) Cu(1)-N(5)-C(34) 124.7(3) 
Cu(1)-N(5)-C(49) 118.1(2) C(34)-N(5)-C(49) 117.1(3) 
N(3)-C(1)-C(2) 117.1(3) N(3)-C(1)-C(3) 115.9(3) 
C(2)-C(1)-C(3) 126.8(4) N(1)-C(2)-C(1) 125.1(3) 
N(2)-C(3)-C(1) 123.4(4) N(1)-C(4)-C(5) 117.3(3) 
N(1)-C(4)-C(9) 122.2(3) C(5)-C(4)-C(9) 120.4(3) 
 
plane 1–plane 2    61.39 ˚ 
 
a Estimated standard deviations are given in parentheses. 
 Definition of the least square planes; 
 For [CuII(NO2,HLDtbp–)2]: 
 plane 1: N(1)-Cu(1)-N(2) 
 plane 2: N(1)-Cu(4)-N(5) 
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Table 3–3. Absorption Spectral and ESR Data of the Complexes 
 
  Absorption Spectra a ESR b 
 Complex λmax, nm (ε, M–1 cm–1) g// g⊥ A//, G 
 [CuII(Me,HLPh–)2]  409  (14100) c 2.182 2.054 125 
443 (16700) c 
471 (11600) c 
571 (840) c  
717 (1050) c 
  1566 (283) 
 [CuII(H,HLPh–)2]  401  (27900) c 2.198 2.055 126 
  441 (11900) c 
549 (394)c 
 697 (456)c 
 1422 (258) 
 [CuII(CN,HLPh–)2] 389  (45400) c 2.205 2.055 128 
496 (382) c 
600  (145)c 
671 (1580) c 
  1328 (234) 
 [CuII(NO2,HLPh–)2] 369  (46600) c 2.210 2.055 132 
  439  (1880)c 
590 (174) c 
643 (1660) c 
  1200 (308) 
 [CuII(NO2,HLDtbp–)2] 381  (51800) c 2.214 2.056 129 
  462  (2240) c 
  623 (342) c 
  705 (1480) c 
  1305 (160) 
 
a In THF at 25 °C. b Measured in THF at –150 °C. c The λmax and ε values were determined by 
spectral resolution using Gaussian functions with Igor Pro (ver. 4, Hulinks). 
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Table 3–4. Selected Bond Lengths (Å), Angles (deg), and Angles of Least Square Planes 
(deg) of [CuII2(CN,HLMes–)2(µ–OH)2] (18), [CuII2(CN,HLDep–)2(µ–OH)2] (19), 
[CuII(CN,HLDipp–)(OAc)] (21), [CuII(NO2,HLDipp–)(OAc)(CH3OH)] (22) and 
[CuII(CN,MeLDipp–)(OAc)] (24) a 
 
[CuII2(CN,HLMes–)2(µ-OH)2] (18) 
 
Cu(1)-Cu(2) 2.981(1) Cu(1)-O(1)  1.905(2)  
Cu(1)-O(2)  1.922(2) Cu(1)-N(1)  1.959(3) 
Cu(1)-N(2)  1.946(3) Cu(2)-O(1)  1.919(2) 
Cu(2)-O(2)  1.920(2) Cu(2)-N(4)  1.961(3) 
Cu(2)-N(5)  1.963(3) O(1)-O(2)  2.374(3)  
N(1)-C(2)  1.303(4) N(1) -C(5)  1.442(4) 
N(2)-C(3)  1.309(4) N(2)-C(14)  1.443(4)  
N(4)-C(24)  1.302(4) N(4) -C(27)  1.441(4) 
N(5)-C(25)  1.293(4) N(5)-C(36)  1.442(4) 
 
O(1)-Cu(1)-O(2)  76.7(1) O(1)-Cu(1)-N(1)  94.3(1)  
O(1)-Cu(1)-N(2)  169.5(1) O(2)-Cu(1)-N(1)  170.8(1) 
O(2)-Cu(1)-N(2)  95.9(1) N(1)-Cu(1)-N(2)  93.3(1) 
O(1)- Cu(2)-O(2)  76.4(1) O(1)-Cu(2)-N(4)  173.3(1) 
O(1)-Cu(2)-N(5)  93.8(1) O(2)-Cu(2)-N(4)  97.2(1) 
O(2)-Cu(2)-N(5)  167.7(1) N(4)-Cu(2)-N(5)  92.8(1)  
Cu(1)-O(1)-Cu(2) 102.4(1)  Cu(1)-O(2)-Cu(2) 101.8(1) 
Cu(1)-N(1)-C(2)  121.4(2)  Cu(1)-N(1)-C(5)  120.8(2) 
C(2)-N(1)-C(5)  117.3(3)  Cu(1)-N(2)-C(3)  122.4(2) 
Cu(1)-N(2)-C(14)  119.8(2)  C(3)-N(2)-C(14)  117.6(3) 
Cu(2)-N(4)-C(24)  122.1(2)  Cu(2)-N(4)-C(27)  121.4(2) 
C(24)-N(4)-C(27)  116.5(3)  Cu(2)-N(5)-C(25)  123.6(2) 
Cu(2)-N(5)-C(36)  117.5(2)  C(25)-N(5)-C(36)  118.8(3) 
C(2)-C(1)-C(3)  124.2(3) N(1)-C(2)-C(1)  125.6(3) 
N(2)-C(3)-C(1)  124.6(3) C(24)-C(23)-C(25) 123.8(3) 
N(4)-C(24)-C(23) 126.2(3) N(5)-C(25)-C(23) 124.7(3) 
 
a Estimated standard deviations are given in parentheses. 
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Table 3–4. Selected Bond Lengths (Å), Angles (deg), and Angles of Least Square Planes 
(deg) of [CuII2(CN,HLMes–)2(µ–OH)2] (18), [CuII2(CN,HLDep–)2(µ–OH)2] (19), 
[CuII(CN,HLDipp–)(OAc)] (21), [CuII(NO2,HLDipp–)(OAc)(CH3OH)] (22) and 
[CuII(CN,MeLDipp–)(OAc)] (24) (continued)a 
 
      [CuII2(CN,HLDep–)2(µ-OH)2] (19)                   [CuII(CN,HLDipp–)(OAc)] (21) 
 
Cu(1)-Cu(1)* 3.045(1) Cu(1)-O(1)  2.028(1)  
Cu(1)-O(1)  1.908(1) Cu(1)-N(1)  1.944(2) 
Cu(1)-O(1)* 1.926(1) Cu(1)-C(16)  2.362(3) 
Cu(1)-N(1)  1.955(2) O(1)-C(16)  1.265(2) 
Cu(1)-N(2)  1.943(2) N(1)-C(2)  1.304(2)  
O(1)-O(1)* 2.331(3) N(1)-C(4)  1.450(2) 
N(1)-C(2)  1.312(2) C(1) -C(2)  1.418(2) 
N(1) -C(5)  1.441(2) C(16)-C(17)  1.493(4) 
N(2)-C(3)  1.304(2)   
N(2)-C(15)  1.447(2)   
C(1)-C(2)  1.405(3)   
C(1)-C(3)  1.410(3)   
 
O(1)-Cu(1)-N(1)  96.02(6) O(1)-Cu(1)-O(1)* 64.70(8)  
O(1)-Cu(1)-N(2)  170.36(6) O(1)-Cu(1)-N(1)  98.82(6) 
N(1)-Cu(1)-N(2)  93.62(7) N(1)-Cu(1)-N(1)* 94.79(9) 
Cu(1)-O(1)-Cu(1)* 105.13(7) N (1)-Cu(1)-C(16)  130.02(5) 
Cu(1)-N(1)-C(2)  123.7(1) Cu(1)-O(1) -C(16) 88.5(1)  
Cu(1)-N(1)-C(5)  120.8(1) Cu(1)-N(1)-C(2)  124.2(1) 
C(2)-N(1)-C(5)  115.5(2) Cu(1)-N(1)-C(4)  118.8(1) 
Cu(1)-N(2)-C(3)  124.5(1) C(2)-N(1)-C(4)  116.9(2) 
Cu(1)-N(2)-C(15)  119.6(1) C(2)-C(1)-C(2)* 124.54(24) 
C(3)-N(2)- C(15)  115.9(2) N(1)-C(2)-C(1)  125.4(2) 
C(2)-C(1)-C(3)  124.3(2)    
N(1)-C(2)-C(1)  125.6(2)  
N(2)-C(3)-C(1)  125.1(2)  
 
a Estimated standard deviations are given in parentheses. 
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Table 3–4. Selected Bond Lengths (Å), Angles (deg), and Angles of Least Square Planes 
(deg) of [CuII2(CN,HLMes–)2(µ–OH)2] (18), [CuII2(CN,HLDep–)2(µ–OH)2] (19), 
[CuII(CN,HLDipp–)(OAc)] (21), [CuII(NO2,HLDipp–)(OAc)(CH3OH)] (22) and 
[CuII(CN,MeLDipp–)(OAc)] (24) (continued)a
 
[CuII(NO2,HLDipp–)(OAc)(CH3OH)] (22)       [CuII(CN,MeLDipp–)(OAc)] (24)
 
Cu(1)-O(3) 2.035(2) Cu(1)-O(1) 2.012(3) 
Cu(1)-O(4) 2.015(2) Cu(1)-O(2) 1.999(4) 
Cu(1)-N(1) 1.9563(19) Cu(1)-N(1) 1.905(4) 
Cu(1)-N(2) 1.9511(18) Cu(1)-N(2) 1.914(4) 
N(1)-C(2)  1.299(3) N(1)-C(2)  1.320(6) 
N(1)-C(4) 1.446(2) N(1)-C(7)  1.451(6) 
N(2)-C(3)  1.305(3) N(2)-C(3)  1.310(6) 
N(2)-C(16)  1.444(2) N(2)-C(19) 1.442(6) 
C(1)-C(2)  1.415(3) C(1)-C(2)  1.399(7) 
C(1)-C(3)  1.408(3) C(1)-C(3)  1.412(7) 
 
O(3)-Cu(1)-O(4) 64.77(7) O(1)-Cu(1)-O(2) 64.45(15) 
N(1)-Cu(1)-N(2) 93.88(7) N(1)-Cu(1)-N(2) 94.64(18) 
Cu(1)-N(1)-C(2) 124.99(15) Cu(1)-N(1)-C(2) 123.9(3) 
Cu(1)-N(2)-C(3) 124.88(14) Cu(1)-N(2)-C(3) 124.4(3) 
N(1)-C(2)-C(1)  124.4(2) N(1)-C(2)-C(1) 122.6(4) 
N(2)-C(3)-C(1) 124.6(2) N(2)-C(3)-C(1) 122.0(4) 
C(2)-C(1)-C(3) 125.5(2) C(2)-C(1)-C(3) 128.8(4) 
C(2)-N(1)-C(4) 115.88(19) C(2)-N(1)-C(7) 119.7(4) 
C(3)-N(2)-C(16) 115.32(17) C(3)-N(2)-C(19) 120.4(4) 
 
a Estimated standard deviations are given in parentheses.  
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Experimental 
General. Reagents and solvents used in this study except the ligands and the complexes 
were commercial products of the highest available purity and were further purified by the 
standard methods, if necessary. 18  Ligands Me,HLPhH and H,HLPhH and their copper(II) 
complexes were prepared according to the reported procedures.1, 19  FT-IR spectra were 
recorded with a Shimadzu FTIR–8200PC. Mass spectra were recorded with a JEOL 
JMS–700T Tandem MS station. 1H–NMR spectra were recorded on a JEOL 
LMN–ECP300WB or a LMX–GX400. ESR measurements were performed on a JEOL 
JES–ME spectrometer at –150 °C using a variable temperature cell holder. Electronic spectra 
were measured using a Hewlett Packard HP8453 diode array spectrophotometer or a Hitachi 
U–3500L spectrophotometer. The λmax and ε values were determined by spectral resolution 
with Gaussian functions using Igor Pro software (version 4, Hulinks). Elemental analyses 
were recorded with a Perkin-Elmer or a Fisons instruments EA1108 Elemental Analyzer.  
X–ray Structure Determination.  The single crystal was mounted on a glass-fiber. 
Data of X-ray diffraction were collected by a Rigaku RAXIS-RAPID imaging plate 
two-dimensional area detector using graphite-monochromated MoKα radiation (λ = 0.71069 
Å) to 2θmax of 55.0 °. All the crystallographic calculations were performed using Crystal 
Structure software package of the Molecular Structure Corporation (version 2.0, 3.1 and 3.7). 
The crystal structures were solved by the direct methods and refined by the full-matrix least 
squares using SIR–92 or SHELX97. All non-hydrogen atoms and hydrogen atoms were 
refined anisotropically and isotropically, respectively. Atomic coordinates, thermal parameters, 
and intramolecular bond distances and angles are deposited in the supplementary materials as 
CIF file format.  
Electrochemical Measurement.  The cyclic voltammetry was performed on an ALS 
electrochemical analyzer CHI–630A in deaerated THF containing 0.10 M n-Bu4NClO4 as 
supporting electrolyte. The Pt electrodes was polished with BAS polishing alumina 
suspension, rinsed with THF, and dried before use. The counter electrode was a platinum wire. 
The measured potentials were recorded with respect to an Fc/Fc+ (2.0 x 10–3 M) reference 
electrode. All electrochemical measurements were carried out under an atmospheric pressure 
of Ar in a glove box. 
Synthesis  
[CuII(CN,HLPh–)2] (15). Ligand CN,HLPhH (49.5 mg, 0.2 mmol) in methanol (10 mL) was 
added into a methanol solution (10 mL) of CuII(OAc)2•H2O (20.0 mg, 0.1 mmol), and the 
mixture was stirred for 1 h at room temperature. The resulting precipitates were collected by 
filtration and dried to obtain green powder in 94 %. Single crystals suitable for X–ray 
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crystallographic analysis were obtained by slow diffusion of liquid methanol into a 
chloroform solution containing the complex. IR (KBr): 2205 (C?N), 1605 cm–1 (C=N); 
HRMS (FAB+): m/z 556.1440, calcd for C32H25CuN6 556.1436; Anal. Calcd for C32H24CuN6: 
C, 69.11; H, 4.35; N, 15.11. Found: C, 69.07; H, 4.27; N, 14.98. 
[CuII(NO2,HLPh–)2] (16). Ligand NO2,HLPhH (53.3 mg, 0.2 mmol) in methanol (10 mL) was 
added into a methanol solution (10 mL) of CuII(OAc)2•H2O (20.0 mg, 0.1 mmol), and the 
mixture was stirred for 1 h at room temperature. The resulting precipitates were then collected 
by filtration and dried to obtain green powder in 88 %. Single crystals suitable for X–ray 
crystallographic analysis were obtained by slow diffusion of liquid methanol into a CH2Cl2 
solution containing the complex. IR (KBr) 1600 (C=N), 1582, 1530, 1490, 1483, 1315, 1274 
cm–1 (NO2); HRMS (FAB+): m/z 556.1216, calcd for C30H25CuN6O4 596.1255; Anal. Calcd for 
C30H24N6O4Cu: C, 60.45; H, 4.06; N, 14.10. Found: C, 60.06; H, 3.95; N, 13.99. 
[CuII(NO2,HLDtbp–)2] (17). This compound was obtained in a similar manner described for 
the synthesis of [CuII(NO2,HLPh–)2] as green powder in 95 %. Single crystals suitable for X–ray 
crystallographic analysis were obtained by slow diffusion of liquid methanol into a CH2Cl2 
solution containing the complex. IR (KBr) 1595 (C=N), 1529, 1486, 1364, 1282 cm–1(NO2); 
MS (FAB+): m/z 1044.7 ([CuIIL2 + H]+); Anal. Calcd for C62H90N6O4Cu: C, 71.26; H, 8.49; N, 
8.04. Found: C, 71.07; H, 8.53; N, 8.02. 
[CuII2(CN,HLMes–)2(µ–OH)2] (18). Ligand CN,HLMesH (33.1 mg, 0.1 mmol) in methanol (10 
mL) was added into a methanol solution (10 mL) of CuII(OAc)2•H2O (20.0 mg, 0.1 mmol). 
After addition of triethylamine (0.1 mmol), the mixture was refluxed for 48 h. The resulting 
precipitates were collected by filtration and dried to obtain brown powder in 73 %. Single 
crystals suitable for X–ray crystallographic analysis were obtained by vapor diffusion of ether 
into a CH2Cl2 solution of the complex. IR (KBr): 3650 (µ–OH), 2203 (C?N), 1616 cm–1 
(C=N); HRMS (FAB+): m/z 803.2558, calcd for C44H49Cu2N6O ([(CuIIL)2(µ–OH)]+) 803.2559; 
Anal. Calcd for C44H50Cu2N6O2: C, 64.29; H, 6.13; N, 10.22. Found: C, 64.26; H, 6.13; N, 
10.15. 
[CuII2(CN,HLDep–)2(µ–OH)2] (19). This compound was prepared in a similar manner 
described for the synthesis of [CuII2(CN,HLMes–)2(µ-OH)2] as brown powder in 73 %. Single 
crystals suitable for X–ray crystallographic analysis were also obtained by vapor diffusion of 
ether into a CH2Cl2 solution of the complex. IR (KBr): 3650 (µ–OH), 2201 (C?N), 1616 
cm–1 (C=N); HRMS (FAB+): m/z 877.3287, calcd for C48H59Cu2N6O2 877.3491; Anal. Calcd 
for C48H58Cu2N6O2: C, 65.65; H, 6.66; N, 9.57. Found: C, 65.64; H, 6.66; N, 9.55. 
[CuII2(NO2,HLMes–)2(µ–OH)2] (20).  Ligand NO2,HLMesH (35.4 mg, 0.1 mmol) suspended 
in methanol (10 mL) was added to CuII(OAc)2•H2O (20.0 mg, 0.1 mmol) in CH3OH (10 mL) 
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at 60 ˚C. Then, the mixture was refluxed for 24 h. Removal of the solvent gave brown 
material, from which the dicopper complex was isolated by recrystallized from 
CH2Cl2/hexane as purple microcrystals in a 95 % yield. IR (KBr) 3640 (µ–OH), 1612 (C=N), 
1603, 1531, 1477, 1373, 1299 cm–1(NO2); MS (FAB+) m/z 845.4 ([(CuL)2(µ-OH)]+); Anal. 
Calcd for C42H50N6O6Cu2: C, 58.52; H, 5.85; N, 9.75. Found: C, 58.27; H, 5.82; N, 9.62.    
[CuII(CN,HLDipp–)(AcO)] (21). Ligand CN,HLDippH (41.6 mg, 0.1 mmol) in methanol (10 
mL) was added into a methanol solution (10 mL) of CuII(OAc)2•H2O (20.0 mg, 0.1 mmol). 
After addition of triethylamine (0.1 mmol), the mixture was refluxed for 48 h. The mixture 
was then concentrated and redissolved into 3 mL of methanol. The methanol solution was 
poured into ether (50 mL) to give green precipitates, which were collected by filtration and 
dried (77 %). Single crystals suitable for X–ray crystallographic analysis were also obtained 
by vapor diffusion of ether into a CH2Cl2 solution of the complex. IR (KBr): 2185 (C?N), 
1616 cm–1 (C=N); HRMS (FAB+): m/z 478.2294, calcd for C28H37CuN3 ([CuIIL]+) 478.2283; 
Anal. Calcd for C30H39CuN3O2: C, 67.08; H, 7.32; N, 7.82. Found: C, 67.31; H, 7.43; N, 7.67. 
[CuII(NO2,HLDipp–)(OAc)(CH3OH)] (22) A methanol solution (20 mL) containing 
NO2,HLDippH (43.6 mg, 0.1 mmol) and CuII(OAc)2•H2O (20.0 mg, 0.1 mmol) was refluxed for 
48 h. Evaporation of the solvent gave a green material, from which 2NO2,H•OAc•CH3OH was 
obtained as green microcrystals by crystallization from methanol in a 87 % isolated yield. 
Single crystals suitable for X–ray crystallographic analysis were obtained by recrystallization 
from methanol at –40°C. IR (KBr): 1609 cm–1 (C=N), 1531, 1298, 1279 (NO2); 
High-resolution mass spectrum (fast atom bombardment: FAB+): m/z 557.2326, calcd for 
C29H40CuN3O4 557.2314; Anal. Calcd for C30H43CuN3O5: C, 61.15; H, 7.36; N, 7.13. Found: C, 
61.15; H, 7.38; N, 7.16.  
[CuII(Me,HLDipp–)(OAc)] (23) An ethanol solution (20 mL) containing Me,HLDippH (40.5 
mg, 0.1 mmol) and CuII(OAc)2•H2O (20.0 mg, 0.1 mmol) was refluxed for 48 h. Evaporation 
of the solvent gave a brown material, from which 2Me,H•OAc was obtained as brown 
microcrystals by crystallization from ethanol in a 57 % isolated yield. IR (KBr): 1608 cm–1 
(C=N); Anal. Calcd for C30H42CuN2O2•1/2H2O: C, 67.32; H, 8.10; N, 5.23. Found: C, 67.35; 
H, 8.10; N, 5.15. 
[CuII(CN,MeLDipp–)(OAc)] (24) A methanol solution (20 mL) containing CN,MeL DippH (44.4 
mg, 0.1 mmol) and CuII(OAc)2•H2O (20.0 mg, 0.1 mmol) was refluxed for 48 h. Evaporation 
of the solvent gave a green material, from which 2CN,Me•OAc was obtained as dark green 
microcrystals by crystallization from methanol in a 93 % isolated yield. Single crystals 
suitable for X–ray crystallographic analysis were obtained by recrystallization from methanol 
at –40°C. IR (KBr): 2193 cm–1 (C≡N), 1562 cm–1 (C=N); Anal. Calcd for C32H43CuN3O2: C, 
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68.00; H, 7.67; N, 7.43. Found: C, 68.16; H, 7.74; N, 7.42. 
[CuII(H,MeLDipp–)(OAc)] (25) A methanol solution (20 mL) containing H,MeLDippH (41.9 
mg, 0.1 mmol) and CuII(OAc)2•H2O (20.0 mg, 0.1 mmol) was refluxed for 48 h. Evaporation 
of the solvent gave a dark brown material, from which complex 2H,Me•OAc was obtained as 
dark brown microcrystals by crystallization from methanol in a 75 % isolated yield. IR (KBr): 
1590 cm–1 (C=N); MS (ESI–MS, positive): m/z 480.4 ([CuIIL]+), 540.4 ([CuIILOAc]+H+); 
Anal. Calcd for C31H44CuN2O2: C, 68.92; H, 8.21; N, 5.19. Found: C, 69.05; H, 8.26; N, 5.19.  
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Chapter 4. Hydroxylation of alkanes with H2O2 catalyzed by β-diketiminato 
-copper(II) complexes 
 
Introduction 
Selective hydroxylation of hydrocarbons is of great importance in organic synthesis and 
industrial chemistry. Such a reaction is accomplished by metalloenzymes like methane 
monooxygenases, which catalyze selective oxygenation of methane to methanol in 
methanotrophic bacteria.1 Methane monooxygenases are divided into two classes, soluble 
methane monooxygenase (sMMO) 2  and membrane-bound particulate methane 
monooxygenase (pMMO).3 The chemical functions as well as the spectral features of sMMO 
have been studied extensively and the crystal structures of the hydroxylase component in 
various states have been determined, demonstrating that a high-valent non-heme diiron-oxo 
species is involved as a key reactive intermediate in the hydroxylation reaction.2,4 In contrast 
to sMMO, little is known about the catalytic mechanism of pMMO due to the lack of 
structural information of the enzyme. Very recently, the crystal structure of pMMO has been 
determined at a 2.8 Å resolution to demonstrate that the enzyme consists of an α3β3γ3 trimer, 
in which two copper centers, modeled as a mononuclear copper and a dinuclear copper, are 
located in soluble regions of each α subunit. 5  Although the active site of pMMO 
corresponding to the methane hydroxylation has yet to be definitely assigned, the dinuclear 
copper site could be the reaction center of dioxygen activation in analogous to the diiron site 
of sMMO.  
Dicopper–dioxygen complexes (Cu2/O2) have been studied extensively as the models of 
reactive intermediates in dinuclear copper enzymes such as tyrosinase.6–9 The end-on and 
side-on peroxo dicopper(II) complexes (A and B in Chart 4–1 where ligand (L) is omitted for 
simplicity) and the bis(µ-oxo)dicopper(III) complex (C) have been structurally characterized 
and their reactivities toward endogenous as well as exogenous substrates have been explored 
in detail.6–9 Among the reactions of Cu2/O2 complexes so far been reported, aliphatic ligand 
(endogenous substrate) hydroxylation of the bis(µ-oxo)dicopper(III) complex is most 
attractive in relation to the chemical function of pMMO.10–12 Mechanistic studies have 
suggested that the reaction involves a hydrogen atom abstraction and subsequent oxygen 
rebound mechanism (or its concerted variant) in the bis(µ-oxo)dicopper(III) core.10,11 
However, catalytic hydroxylation of exogenous alkane substrates by a discrete Cu2/O2 
complex has yet to be accomplished.
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Chart 4–1 
 
 
 
We herein report a hydroxylation reaction of alkanes with H2O2 catalyzed by 
β-diketiminatocopper(II) complexes. Recently, β-diketiminate ligands (Chart 4–2) have been 
adopted to copper(I)-dioxygen chemistry to provide bis(µ-oxo)dicopper(III) complex C as 
well as mononuclear copper(III) side-on peroxo complex D.13–17 In this study, some of the 
β-diketiminatocopper(II) complexes have been demonstrated to provide the 
bis(µ-oxo)dicopper(III) complex in the reaction with H2O2, which could be a reactive species 
of the catalytic hydroxylation of alkanes with H2O2. The results will provide valuable insights 
into the chemical functions of pMMO. 
 
Chart 4–2 
 
 
 
 
 
 
Results and discussion 
Copper(I) and copper(II) complexes of β−diketiminate ligands (R1,R2L). In this study, five 
ligands, CN,HLDippH, NO2,HLDippH, Me,HLDippH, CN,MeLDippH, and H,MeLDippH, were employed (Chart 
4–2). H,MeLDippH is one of the most popular ligands in this series, which can be easily prepared 
by the condensation reaction between acetylacetone and 2,6-diisopropylaniline, thus 
possessing methyl substituents on the β−carbons (R1 = H; R2 = Me).18 The former two ligands 
are those involving a strong electron withdrawing substituent at the center carbon of the 
ligand framework (α–carbon) but without the β–methyl substituent (R1 = CN or NO2; R2 = H), 
whereas the third one involves an electron-donating substituent such as methyl on the 
α-carbon (R1 = Me; R2 = H). We have also employed a ligand with R1 = CN and R2 = Me (the 
fourth one) in order to get more insights into the steric and/or electronic effects of the 
substituents.19–21 Three copper(I) complexes, ([CuI(NO2,HLDipp–)(CH3CN)] (6), 
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[{CuI(CN,HLDipp–)}n] (10), and [{CuI(Me,HLDipp–)}4] (13) ) and five copper(II) complexes, 
([CuII(CN,HLDipp–)(AcO)] (21), [CuII(NO2,HLDipp–)(OAc)(CH3OH)] (22), [CuII(Me,HLDipp–)(OAc)] 
(23), [CuII(CN,MeLDipp–)(OAc)] (24), and [CuII(H,Me LDipp–)(OAc)] (25)) were prepared according 
to Experimental sections of Chart 2 & 3. 
The copper(I) complex of H,MeLDipp– (deprotonated anionic form of H,MeLDippH) was 
reported by Tolman and his coworkers as an acetonitrile adduct [CuI(H,MeLDipp–)(CH3CN)] 
which exhibits a three coordinate trigonal planar structure.13  
Formation of bis(µ−oxo)dicopper(III) complexes. It has been well demonstrated that 
oxygenation reaction (reaction with O2) of the copper(I) complexes supported by 
β-diketiminate ligands containing alkyl substituents at the β-position of the carbon framework 
such as [CuI(H,MeLDipp–)(CH3CN)] provide the mononuclear copper(III)-peroxo complex with 
the side-on binding mode (D, see Chart 4–1), whereas the copper(I) complexes with 
β-diketiminate ligands without the β-alkyl substituent give the bis(µ-oxo)dicopper(III) 
complex C.14,15 Such a big difference in O2-reactivity between the two systems has been 
attributed to a steric effect of the β-alkyl substituents which hinder the rotation of the 
2,6-disubstituted aryl group attached onto the N-donor atoms, thus prohibiting the 
dimerization reaction to produce C.  
In Figure 4–2 are shown the spectral changes for the oxygenation reaction of the copper(I) 
complexes of CN,HLDipp– and NO2,HLDipp–, respectively. In the case of CN,HLDipp–-complex, the 
reaction was carried out in propionitrile in order to convert the polymeric starting material 
[{CuI(CN,HLDipp–)}n] (10) to a monomeric copper(I) complex [CuI(CN,HLDipp–)(CH3CH2CN)] 
(10’) by solvent–coordination. In both cases, an absorption band around 440 nm gradually 
increased, indicating the formation of the corresponding bis(µ-oxo)dicopper(III) species C.14 
The final spectrum shown in Figure 4–2b is nearly identical to that of the 
bis(µ-oxo)dicopper(III) complex (λmax = 440 nm, ε = ~17800 M–1 cm–1) generated by using a 
similar β-diketiminate ligand having mesityl groups as the N-substituent.14 The reaction 
obeyed first-order kinetics with respect to the copper complex (see Insets of Figure 4–2), 
suggesting that the initial 1 : 1 adduct formation process between the copper(I) complex and 
O2 is the rate-determining step, whereas the subsequent reaction of the generated mononuclear 
copper-dioxygen adduct (probably a side-on type adduct like D) and another molecule of the 
copper(I) complex to form the bis(µ-oxo)dicopper(III) complex proceeds faster (see Scheme 
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4–1). Direct comparison of the reaction rate constant kobs between 
[CuI(CN,HLDipp–)(CH3CH2CN)] (10’) and [CuI(NO2,HLDipp–)(CH3CN)] (6) could not be done due to 
the different reaction conditions required.  
 
Scheme 4–1 
 
 
 
The bis(µ-oxo)dicopper(III) complex C can be also generated by the reaction of 
β-diketiminatocopper(II) complex [CuII(CN,HLDipp–)(AcO)] (21) and H2O2 in the presence of 
triethylamine as a base in methanol as shown in Figure 4–3. In this case, the reaction obeys 
second-order kinetics with respect to the copper complex as shown in the inset of Figure 4–3. 
Although the reaction mechanism between the copper(II) complex and H2O2 have yet to be 
examined in detail, the reaction may proceeds via copper(II)-hydroperoxo intermediate E and 
copper(II)-peroxo intermediate F as demonstrated previously using the 
bis(2-pyridylethyl)amine ligands.19 If so, the second-order kinetics suggest that the reaction 
of mononuclear copper(II)-peroxo intermediate F and another molecule of copper(II) starting 
material is the rate-determining step (see Scheme 4–2).  
Formation of C was confirmed by the resonance Raman measurements in methanol at 
–80 °C as shown in Figure 4–4. There was an isotope sensitive Raman band at 587 cm–1 that 
shifted to 560 cm–1 upon H218O2 substitution. The observed Raman frequency at 587 cm–1 and 
its isotope shift (27 cm–1) are within the range of the corresponding values of the 
bis(µ–oxo)dicopper(III) complexes so far been reported.20 ESR silence of the final reaction 
solution is also consistent with the formation of bis(µ-oxo)dicopper(III) complex C. 
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(a)                            (b) 
 
 
 
 
 
 
 
 
 
 
Figure 4–2. (a) The spectral change observed upon introduction of O2 gas into a propionitrile 
solution of [CuI(CN,HLDipp–)(CH3CH2CN)] (10’) (2.0 x 10–4 M) at –80 ˚C in a 1 cm path length 
UV cell: 270 s interval. Inset: first-order plot based on the absorption change at 440 nm. (b) 
The spectral change observed upon introduction of O2 into an acetone solution of and 
[CuI(NO2,HLDipp–)(CH3CN)] (6) (2.0 x 10–4 M) at –90 ˚C in a 1 cm path length UV cell: 40 s 
interval. Inset: first-order plot based on the absorption change at 440 nm. 
 
 
  
 
 
 
 
 
 
 
 
 
 
Figure 4–3. The spectral change observed upon addition of NEt3 (120 mM, 50 µl) into a 
methanol solution of [CuII(CN,HLDipp–)(OAc)] (21) (2.0 x 10–4 M, 3 ml) containing H2O2 (120 
mM, 50 µl) at –90 ˚C in a 1 cm path length UV cell: 60 s interval. Inset: second-order plot 
based on the absorption change at 440 nm. 
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Treatment of [CuII(NO2,HLDipp–)(OAc)(CH3OH)] (22) and [CuII(Me,HLDipp–)(OAc)] (23) with 
H2O2 under the same experimental conditions also resulted in an increase of the absorption 
band around 440 nm which were nearly the same to the spectral changes for the reactions of 
corresponding copper(I) complexes and O2, suggesting the formation of similar 
bis(µ–oxo)dicopper(III) complexes. In the case of [CuII(NO2,HLDipp–)(OAc)(CH3OH)] (22), 
however, the conversion yield of the bis(µ–oxo)dicopper(III) complex was somewhat lower 
than those in the cases of [CuII(CN,HLDipp–)(AcO)] (21) and [CuII(Me,HLDipp–)(OAc)] (23). 
Nonetheless, formation of the bis(µ–oxo)dicopper(III) complex was confirmed by the 
resonance Raman band observed at 579 cm–1 (data are not shown). Although the reason for 
such a lower conversion yield of bis(µ–oxo)dicopper(III) complex in the nitro-ligand system 
has yet to be clearly understood, the stronger Lewis acidity of copper(II) in the nitro-ligand 
system may prevent dissociation of the coordinated acetate ion from the starting copper(II) 
complex and/or hydroperoxo intermediate E, thus somewhat retarding the formation of 
bis(µ–oxo)dicopper(III) species C (see Scheme 4–2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4–4. Resonance Raman spectra of the reaction mixture of [CuII(CN,HLDipp–)(AcO)] (21) 
with H216O2 (bottom) and with H218O2 (top) obtained with an excitation wavelength of 441.6 
nm (laser power: 14 mW) in methanol at –80 °C.  
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It should be noted that the H2O2-reaction of [CuII(CN,MeLDipp–)(OAc)] (24) and [CuII(H,Me 
LDipp–)(OAc)] (25) having the β-methyl substituent did not show an increase of the absorption 
band around 440 nm due to the bis(µ-oxo) complex but resulted in an increase of absorbance 
around 380 nm. These results suggest that the bis(µ-oxo)dicopper(III) complex was not 
formed in the ligand system having the β-methyl substituent. This was supported by a 
preliminary Raman study on the reaction, which did not show any isotope sensitive Raman 
band around 600 cm–1. *  In any case, the result is consistent with the fact that the 
bis(µ–oxo)dicopper(III) species was not formed in the O2-reaction of 
[CuI(H,MeLDipp–)(CH3CN)] having the β-methyl group.15 
Catalytic oxygenation reaction of alkanes. As mentioned in the Introduction, 
bis(µ-oxo)dicopper(III) species could be a key reactive intermediate of pMMO. Thus, in this 
study, catalytic activity of the β-diketiminatocopper(II) complexes was examined in the 
oxygenation reaction of cyclohexane with H2O2 as summarized in Table 4–3. It has been 
found that the β-diketiminatocopper(II) complexes [CuII(CN,HLDipp–)(OAc)] (21) and 
[CuII(NO2,HLDipp–)(OAc)(CH3OH)] (22) act as an efficient turnover catalyst to give 
cyclohexanol as the major product together with cyclohexanone as a minor product, where the 
product ratio of alcohol/ketone (A/K) was 3.6~3.7. The total turnover number (TON = moles 
of products/moles of catalyst) of the catalyst reached 26 within 1 h as shown in Figure 4–5. 
With using [CuII(CN,HLDipp–)(AcO)] (21) as the catalyst, kinetic deuterium isotope effect (KIE) 
(kH/kD) was obtained as 2.4 in the oxidation of cyclohexane-d6 (see Experimental section). 
Furthermore, relatively high regioselectivity between the tertiary (3°) carbons vs. the 
secondary (2°) carbons was obtained in the oxidation of adamantane (3°/2° ~ 5, the value 
derived from the amount of 1-adamantanol divided by the amounts of 2-adamantanol and 
2-adamantanone and multiplied by 3 to correct for the higher number of secondary C–H 
bonds) (Table 4–4).  
 
 
 
                                                 
* There was no isotope sensitive Raman band at 700~1000 cm–1 region either, suggesting that 
neither hydroperoxo intermediate E nor side-on peroxo intermediate F was formed in the 
reaction (see, Scheme 4–2). Details of the product are now under investigation. 
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Table 4–3. Catalytic oxidation of cyclohexane by [CuII(R1,R2LDipp–)(OAc)]a 
 
 
 
 
 
 
complex 21 3 21 5.7 26 3.6 
complex 22 3 20 5.5 26 3.7 
complex 23 3 trace trace – – 
complex 24 3 trace trace – – 
complex 25 3 trace trace – – 
 
aReaction conditions; [catalyst] = 0.83 mM, [H2O2] = 83 mM, [cyclohexane] = 2.5 M in 
CH2Cl2/CH3CN at rt. bBased on H2O2. cTurnover number (moles of product/moles of catalyst) 
determined by GC using calibration curves of the products. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4–5. Time courses for the formation of products (cyclohexanol + cyclohexanone) in 
the oxidation of cyclohexane with H2O2 catalyzed by 2R1,R2•OAc (? : 2CN,H•OAc, ? : 
2NO2,H•OAc•CH3OH, and ?: 2H,Me•OAc) in CH2Cl2/CH3CN at 25 ˚C.  
 
0 0 1
Time / h
25
20
15
10
5
2 3
30
To
ta
l T
ON
Catalyst Time / h
OH O
Yield / %b Total Turnoverc
1?+ 2
Catalyst
1 2
A / K
 
 
96 
Table 4–4. Catalytic oxidation of adamantane by [CuII(R1,R2LDipp–)(OAc)] (2R1,R2•OAc)a 
 
 
complex 21 3 2.7 1.2 0.51 4.4 4.7 
complex 22 3 2.9 1.3 0.49 4.7 4.9 
complex 23 3 trace trace trace – – 
complex 24 3 trace trace trace – – 
complex 25 3 trace trace trace – – 
 
aReaction conditions; [catalyst] = 0.83 mM, [H2O2] = 83 mM, [adamantane] = 830 mM in 
CH2Cl2/CH3CN at rt. bBased on H2O2. cTurnover number (moles of product/moles of catalyst) 
determined by GC using calibration curves of the products. 
 
 
On the other hand, however, almost no catalytic activity was observed with other three 
complexes under the same experimental conditions both in the oxidation of cyclohexane and 
adamantane (Tables 4–3 and 4–4). The observed KIE (kH/kD = 2.4) and the relatively high 
regioselectivity (tertiary carbon/secondary carbon = ~5) as well as the observed alcohol 
selectivity strongly suggest a reaction mechanism involving a metal-based oxidant rather than 
an autooxidation type free radical chain mechanism.21 Although mechanistic details of the 
catalytic hydroxylation reaction have yet to be clarified, bis(µ-oxo)dicopper(III) species C 
generated by the reaction of β-diketiminatocopper(II) complex and H2O2 could be an active 
oxygen intermediate as illustrated in Scheme 4–3. Hydrogen atom abstraction from the 
substrate by the oxo group of C and subsequent oxygen rebound between the generated 
intermediates G and cyclohexyl radical in a solvent cage gives 
(µ-hydroxy)(µ-alkoxy)dicopper(II) intermediate H, from which the alcohol product is 
released and bis(µ-oxo)dicopper(III) intermediate C is regenerated by the reaction with 
another molecule of H2O2, completing the catalytic cycle.  
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Scheme 4–3 
 
 
 
 
 
 
 
 
 
 
 
 
The low catalytic activity of [CuII(CN,MeLDipp–)(OAc)] (24) and [CuII(H,Me LDipp–)(OAc)] (25) 
may be due to inability of the complexes to form the bis(µ-oxo)dicopper(III) intermediate in 
the reaction with H2O2, which has been attributed to the steric effect of the β-methyl 
substituents on the ligand framework (vide ante). On the other hand, the low catalytic activity 
of [CuII(Me,HLDipp–)(OAc)] (23) could be attribute to low reactivity of the 
bis(µ-oxo)dicopper(III) complex itself. Namely, the electron-donating ability of the α-methyl 
substituent of the ligand may stabilize the copper(III) oxidation state, thus lowering the 
reactivity of the bis(µ-oxo)dicopper(III) complex toward the external substrate. In contrast to 
this, the strong electron-withdrawing groups in [CuII(CN,HLDipp–)(OAc)] (21) and 
[CuII(NO2,HLDipp–)(OAc)(CH3OH)] (22) may destabilize the higher oxidation state of copper(III), 
thus enhancing the reactivity of the bis(µ-oxo) complex toward alkanes. Thus, it could be 
concluded that both the steric and the electronic effects of the ligand substituents are 
important to dictate the catalytic activity of the β-diketiminatocopper(II) complexes. 
 
Summary  
In this study, the reaction of β-diketiminatocopper(II) complex and H2O2 has been 
investigated using a series of β-diketiminate ligands listed in Chart 4–2. The complexes 
without the β-methyl substituent (R2 = H) on the carbon framework (CN,HL, NO2,HL, and Me,HL) 
provided the corresponding bis(µ-oxo)dicopper(III) complexes, the spectroscopic features of 
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which are the same to those of the bis(µ-oxo) complexes generated by the reaction of the 
copper(I) complexes and O2. On the other hand, the copper(II) complex generated by using an 
β-diketiminate ligands carrying β-methyl substituents on the carbon framework like H,MeL and 
CN,MeL showed a different reactivity toward H2O2. In these cases, the reaction did not produce 
the bis(µ-oxo)dicopper(III) complex having λmax = ~440 nm, but provided a different product 
exhibiting an absorption band at ~380 nm. Although the reason for such a difference in the 
H2O2-reactivity among the copper(II) complexes has yet to be understood clearly, there seems 
to be a correlation with the reactivity difference of the β-diketiminatocopper(I) complexes 
toward O2 recently demonstrated by Tolman et al.13–17 Namely, the ligand with the β-alkyl 
substituent like H,MeLDipp– gave the mononuclear copper(III) side-on peroxo complex D in the 
reaction of copper(I) complex and O2, whereas the ligand without the β-alkyl substituent like 
NO2,HL afforded the bis(µ-oxo)dicopper(III) complex C in the same reaction.14,15 Such a 
difference in reactivity of the β-diketiminatocopper(I) complexes toward O2 has been 
interpreted by taking account of the steric effect of the β–alkyl substituent.15 Such a steric 
effect of the ligand substituent could be expected to operate in the present copper(II)–H2O2 
system.  
Notably, the catalytic efficiency of 21 and 22 in the alkane hydroxylation is 
significantly higher than that of other three complexes. The high catalytic reactivity of the 
former two complexes could be attributed to their ability to generate the 
bis(µ-oxo)dicopper(III) complex in the reaction with H2O2. Then, the low catalytic activity of 
24 and 25 may be due to the inability to form the bis(µ-oxo)dicopper(III) species. On the 
other hand, the low catalytic activity of 23, which can produce the bis(µ-oxo)dicopper(III) 
intermediate, could be attribute to the low reactivity of the intermediate itself due to the 
electron-donation by the α–methyl substituent, stabilizing the copper(III) oxidation state. 
Thus, it could be concluded that both the steric and the electronic effects of the ligand 
substituents are very important to conduct the catalytic activity of the 
β-diketiminatocopper(II) complexes. Although mechanistic details have yet to be clarified, the 
present results may provide some insights into the chemical functions of pMMO. 
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Experimental 
General. The reagents and the solvents used in this study except the ligands and the 
complexes were commercial products of the highest available purity and were further purified 
by standard methods, if necessary.22 Electronic spectra were measured using a Hewlett 
Packard HP8453 diode array spectrophotometer equipped with a Unisoku cryostat cell holder 
USP-203. Raman scattering was excited by a He/Cd laser (Kinmon Electrics, CDR80SG) and 
the resonance Raman light was dispersed with a JEOL 400D Raman spectrometer equipped 
with a modified USP-203 for the Raman measurements. Elemental analyses were recorded 
with a Perkin-Elmer or a Fisons instruments EA1108 Elemental Analyzer.  
Reaction of copper(I) complexes and O2, Reaction of the copper(I) complex and O2 
was performed in a 1 cm path length UV-visible cell that was held in a Unisoku cryostat cell 
holder USP-203. After a deaerated solution of the copper(I) complex (2.0 x 10–4 M) was kept 
at a desired temperature for several minutes, dry dioxygen gas was continuously supplied by 
gentle bubbling from a thin needle. The reaction was monitored by following an increase of 
the absorption band due to the bis(µ-oxo)dicopper(III) complex at 440 nm. 
Reaction of copper(II) complexes and H2O2. Reaction of the copper(II) complex and 
H2O2 was performed in a 1 cm path length UV-visible cell that was held in a Unisoku cryostat 
cell holder USP-203. After a deaerated solution of copper(II) complex (2.0 x 10-4 M) in the 
cell was kept at a desired temperature for several minutes, 10 equiv of H2O2 and then 10 equiv 
of Et3N were added with use of a microsyringe. The reaction was monitored by following an 
increase of the absorption band due to the bis(µ–oxo)dicopper(III) complex at 440 nm.  
Catalytic oxidation of alkanes. Typically, H2O2 (0.5 mmol) in CH3CN-CH2Cl2 (1:1 v/v) 
(2.2 mL) was added to a CH3CN-CH2Cl2 (1:1 v/v) solution (2.2 mL) containing cyclohexane 
(15 mmol) and the copper(II) complex (5 µmol) with vigorous stirring at room temperature. 
The reaction products were analyzed by using a Shimadzu GC–14A gas chromatograph 
equipped with a Restek Rtx–1701 capillary column (30m x 0.25 mm). All peaks of interest 
were identified by comparison of the retention times of the authentic samples. The products 
were quantified by comparison against a known amount of internal standard using a 
calibration curve consisting of a plot of mole ratio (moles of organic compound/moles of 
internal standard) versus area ratio (area of organic compound/area of standard). 
Determination of kinetic deuterium isotope effect. H2O2 (0.5 mmol) in 
CH3CN-CH2Cl2 (1:1 v/v) (2.2 mL) was added to a CH3CN-CH2Cl2 (1:1 v/v) solution (2.2 mL) 
containing cyclohexane (0.81 ml, 7.5 mmol), cyclooctane (0.81 ml, 6.0 mmol), and the 
copper(II) complex (5 µmol) with vigorous stirring at room temperature. The oxidation 
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products were analyzed by the gas chromatography (GC) method as described above. The 
reaction was also carried out using cyclohexane-d12 instead of cyclohexane. The kH/kD value 
for cyclohexanol was calculated by dividing the value of {(moles of cyclohexanol)/(moles of 
cyclooctanol)} by {(moles of cyclohexanol-d11)/ (moles of cyclooctanol)}. 
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